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I. INTRODUCTION

“Nearly everything is really interesting if

you go into it deeply enough.”

Richard P. Feynman



1. Introduction

1.1. The concept of Frustrated Lewis Pairs (FLPs)

In 1923, Gilbert Newton Lewis broadened the acid/base theory establishing a
new way to classify acids and bases as nonbonding electron pair acceptors and
donors, respectively.! This description has become a primary axiom in chemistry to
understand not only the formation of classical Lewis acid/base adducts but also a
wide range of organic transformations, main group chemistry, as well as the bonding

in transition metal complexes.?*

In 1942, H. C. Brown and co-workers reported the relative stability of some
coordination compounds.’ In this study, it was confirmed that 2,6-lutidine was a
stronger base than pyridine and, as a consequence, pyridine was displaced by
lutidine in a competitive reaction with hydrogen chloride (Scheme 1.1A). However,
when the analogous reaction with the Lewis acid BF; was carried out, the opposite
result was observed, 7.e. the equilibrium was displaced towards the pyridine adduct
(Scheme 1.1B). Furthermore, the acceptor BMes did not react at all with lutidine,
even at low temperatures (Scheme 1.1C). These observations were ascribed to the
considerably higher steric hindrance in 2,6-lutidine compared to pyridine. This work
is currently recognized as the first report where the formation of a classical Lewis
acid-base adduct is hampered, or frustrated, due to the steric congestion produced

by the groups surrounding the coordinating central atoms.

'(a) G. N. Lewis, Valence and the Structure of Atoms and Molecules, The Chemical Catalog
Company, New York, 1923; (b) G. N. Lewis, J. Franklin Inst., 1938, 226, 293-313.

2 A. Corma, H. Garcia, Chem. Rev., 2003, 103, 4307-4366.

# (a) T. Stahl, F. T. Klare, M. Oestreich, ACS Catal., 2013, 3, 1578-1587; (b) M. Hong, J. Chen,
E. Y.-X. Chen, Chem. Rev., 2018, 118, 10551-10616.

* For a recent review on the Lewis electron-pair bonding model, see: L. Zhao, W. H. E. Schwarz, G.
Frenking, Nat. Rev. Chem., 2019, 3, 35-47, and references therein.

> H. C. Brown, H. I. Schlesinger, S. Z. Cardon. J. Am. Chem. Soc., 1942, 6/, 325-329.


https://babel.hathitrust.org/cgi/pt?id=uc1.b3219599;view=1up;seq=148
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A) Me Me
o cHF O o [ o . o ‘4t -
<\ /N-H Cl +<\ /N- == <\ /N-+<\ /N-H Cl
Me Me
B) Me Me
<\ /N:BF3 + <\ /N: -~ <\ /N. + <\ /N-BF3
Me Me

C)

Me

<\ /N: + BMe; —— no reaction at 0 °C, -80 °C

Me

Scheme 1.1. Competitive reactions between pyridine and 2 6-lutidine with A) hydrogen chloride
and B) BFs. C) 2,6-lutidine with BMes led to the first reported frustration of an acid-base adduct.

Almost a century after the Lewis theory was brought forth, Douglas W.
Stephan and co-workers uncovered the first reversible metal-free activation of
dihydrogen mediated by 1.1 under remarkably mild reaction conditions (Scheme
1.2).5 This work, published in 2006, was fascinating for several reasons. Firstly,
compound 1.1 was able to heterolytically split the rather strong bond present in
the H, molecule at only 25 °C. This leads to the formation of the phosphonium
boronate zwitterionic species 1.2, where the Lewis base (LB) was protonated and
a hydride was attached to the Lewis acid (LA). Secondly, the transformation was
found to be reversible. Indeed, the initial reactants (1.1 and H,) were regenerated
upon heating species 1.2 at 150 °C. Finally, the formation of the corresponding
classical acid-base adduct was not observed either in solution or the solid-state due
to steric hindrance of the substituents directly attached to both the LB and LA

centers.

_ ®
(CeHaMe3),P B(CeFs)2 — (CgHoMeg),P B(CeFs)2

FF
1.1 1.2

Scheme 1.2. Reversible dihydrogen splitting reaction reported by Stephan and co-workers (see

reference 6).

6 G. C. Welch, R. R. San Juan, J. D. Masuda, D. W. Stephan, Science, 2006, 314, 1124-1126.

9.
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This seminal finding led to the formulation of the “Frustrated Lewis Pair”
concept, coined to refer to a combination of a Lewis acid and a Lewis base where
the dative bond is precluded by steric demands therefore preventing the formation
of a classical LA-LB adduct (Figure 1.1).” This special bonding situation results in
a unique and unprecedented rich reactivity, where the cooperative action of the
donor and acceptor sites is crucial. Although the importance of “frustration” was
initially postulated, subsequent reports have demonstrated that even in some cases
where a classical acid-base adduct is formed, the “FLP reactivity” remains. This
typically occurs when the donor-acceptor interaction is relatively weak, i.e., the
formation of the classical adduct is reversible thus allowing the dissociation of the

adduct and preserving the donor and acceptor functionalities (Figure 1.1).*

No reaction -—-=——

A
R \9\ R
——— ( FLP Reactivity

R R R R R
B — ooc@o —
R R
B R R

Reversible adduct
allows FLP reactivity

Figure 1.1. Combinations of Lewis base (LB, blue circles) and Lewis acid (LA, red circles), both
surrounded by bulky substituents (R, grey circles) that sterically preclude the formation of a dative
bond and therefore showing FLP reactivity. In the reversible adduct formation reactions, the FLP
reactivity remains.

7 J.S. J. McCahill, G. C. Welch, D. W. Stephan, Angew. Chem. Int. Ed., 2007, 46, 4968-4971.

 (a) L. J. Hounjet, C. Bannwarth, C. N. Garon, C. B. Caputo, S. Grimme, D. W. Stephan, Angew.
Chem. Int. Ed., 2013, 52, 7492-7495; (b) R. Dobrovetsky, D. W. Stephan, J. Am. Chem. Soc.,
2013, 135, 4974-4977; (c) D. J. Scott, M. J. Fuchter, A. E. Ashley, Angew. Chem. Int. Ed., 2014,
53, 10218-10222; (d) R. Dobrovetsky, K. Takeuchi, D. W. Stephan, Chem. Commun., 2015, 51,
2396-2398; (e) L. Wu, S. S. Chitnis, H. Jiao, V. T. Annibale, I. Manners, J. Am. Chem. Soc.,
2017, 139, 16780-16790.
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In this context, the pioneering work by Piers and Parks a decade before the
articulation of the FLP concept must be especially highlighted.” In this report, the
authors described a mild methodology to selectively reduce aromatic aldehydes,
ketones, and esters using silanes and the tris(pentafluorophenyl)boron (BCF) Lewis
acid as a catalyst (Scheme 1.3). In a subsequent work, it was proposed that,
contrary to expectation, the BCF does not facilitate the transformation by binding
to the carbonyl group. Instead, the reaction proceeds through a mechanism where
the Si—H bond is first activated by BCF and followed by a nucleophilic attack of
the carbonyl group to the silicon center.' Further evidence to support this
mechanism was reported later by Oestreich and Rendler. In this work, a Sx2
mechanism was confirmed in view of the inversion of the configuration of the silicon
stereocenter observed in the final product. Hence, the carbonyl species and the BCF
acts as a LB/LA combination which reacts in a concerted manner to activate the
Si—H bond. This work is nowadays recognized as the first transformation involving

a FLP in its reaction mechanism.?

1-4% mol Ph3SiO. H

o
B(CcF
/O)‘\R + Hsiphy —\Cofsls, /©}<R
X X

X = H, CH3, Cl, NO,
R=H, CHj, OEt

Scheme 1.3. BCF-catalyzed reduction of aromatic aldehydes, ketones, and esters with silanes.

At present, the vast majority of the reported FLP systems are composed of
bases derived from tertiary phosphines and boron-based acids. However, the range

of basic and acid functionalities has been (and still is) widely extended to other

°D. J. Parks, W. E. Piers, J. Am. Chem. Soc., 1996, 118, 9440-9441.

0. J. Parks, J. M. Blackwell, W. E. Piers, J. Org. Chem., 2000, 65, 3090-3098.
'S, Rendler, M. Oestreich, Angew. Chem. Int. Ed., 2008, /7, 5997-6000.

2 F.-G. Fontaine, D. W. Stephan, Phil. Trans. R. Soc. A, 2017, 375, 20170004.

4.
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LBs and LAs. Indeed, a good number of Al/P-based” and Al/N-based! (albeit to
a lesser extent) FLPs have been reported. Furthermore, Uhl and co-workers have
recently reported the modulated properties of FLPs based on Ga/P and In/P."* On
the other hand, FErker and co-workers reported a series of substituted
alkenyl-bridged frustrated N/B Lewis pairs.!® The variety of bases and acids used
in FLP chemistry has been even extended beyond Group 13/15 combinations. For
instance, the Stephan group described FLPs formed by the combination of
N-heterocyclic carbenes!'” or ethers® with BCF, and Ashley and co-workers reported
that solutions of 1,4-dioxane and BCF also exhibit FLP reactivity.® In 2010,
Alcarazo and co-workers explored the use of carbon(0)/borane-based FLPs. The
two available lone-pairs at the carbon(0) atom of carbodiphosphoranes are so basic
that, after a first alkylation step, the resulting protonated species is still able to act
as a LB showing FLP reactivity.!”? In a related effort, the same group demonstrated
that an electron-poor allene can be used as a LA to form an entirely carbon-based
FLP together with a bulky carbene as the basic counterpart. ® Also, a
silylene/silylium FLP has been successfully employed to activate dihydrogen.? In
addition, the Mitzel group has reported neutral FLP systems based on Si/P,*

% (a) G. Ménard, D. W. Stephan, J. Am. Chem. Soc., 2010, 132, 1796-1797; (b) C. Appelt, H.
Westenberg, F. Bertini, A. W. Ehlers, J. C. Slootweg, K. Lammertsma, W. Uhl, Angew. Chem.
Int. Ed., 2011, 50, 3925-3928; (¢) G. Ménard, D. W. Stephan, Angew. Chem. Int. Ed., 2011, 50,
8396-8399; (d) G. Ménard, D. W. Stephan, Angew. Chem. Int. Ed., 2012, 51, 4409-4412; (e) L.
Keweloh, H. Klécker, E.-U. Wiirthwein, W. Uhl, Angew. Chem. Int. Ed., 2016, 55, 3212-3215; (f)
M. Devillard, R. Declercq, E. Nicolas, A. W. Ehlers, J. Backs, N. Saffon-Merceron, G. Bouhadir,
J. C. Slootweg, W. Uhl, D. Bourissou, J. Am. Chem. Soc., 2016, 138, 4917-4926; (g) S. Styra, M.
Radius, E. Moos, A. Bihlmeier, F. Breher, Chem. Eur. J., 2016, 22, 9508-9512.

1“4 For a recent review, see: A. Bodach, N. Nothling, M. Felderhoff, Fur. J. Inorg. Chem., 2021,
1240-1243.

15 J. Backs, M. Lange, J. Possart, A. Wollschlager, C. Miick-Lichtenfeld, W. Uhl, Angew. Chem.
Int. Ed., 2017, 56, 3094-3097.

6 T. Wang, C. G. Daniliuc, C. Miick-Lichtenfeld, G. Kehr, G. Erker, J. Am. Chem. Soc., 2018,
140, 3635-3643.

7 P. A. Chase, A. L. Gille, T. M. Gilbert, D. W. Stephan, Dalton Trans., 2009, 7179-7188.

¥ D. J. Scott, M. J. Fuchter, A. E. Ashley, J. Am. Chem. Soc., 2014, 156, 15813-15816.

Y9 M. Alcarazo, C. Gomez, S. Holle, R. Goddard, Angew. Chem. Int. Ed., 2010, /9, 5788-5791.

2 B. Inés, S. Holle, R. Goddard, M. Alcarazo, Angew. Chem. Int. Ed., 2010, /9, 8389-8391.

21 A. Schifer, M. Reimann, A. Schafer. M. Schmidtmann, T. Miiller, Chem. Eur. J., 2014, 20,
9381-9386.

22 B. Waerder, M. Pieper, L. A. Korte, T. A. Kinder, A. Mix, B. Neumann, H.-G. Stammler, N. W.
Mitzel, Angew. Chem. Int. Ed., 2015, 5/, 13416-13419.
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Ge/P» and Sn/P.** Even though these pioneering FLP reports highlighted their
metal-free feature, transition metal complexes can be also used to produce highly
active FLPs. Thus, FLPs composed of Zr,” Ti,> Hf,* or Au® as acid partners have
been reported. In addition, Campos communicated in 2017 the synthesis of an
electrophilic Au(I) and a nucleophilic Pt(0)-based FLP.* This work constituted
the first FLP entirely based on transition metal functionalities and, for this reason,
the term “Transition Metal Only FLP" (TMOFLP) was coined to describe these
species.? Moreover, several rare-earth complexes, which can efficiently act as acid
partners, have been also reported to exhibit FLP reactivity.® As a very recent
example, Xu and co-workers described the dihydrogen activation by a FLP
composed of an intermolecular rare-earth aryloxide and a N-heterocyclic carbene
FLP.* These examples clearly illustrate that the FLP chemistry is not limited to
combinations of Group 13/15 elements but is extended to practically the entire
Periodic Table.

Although most of the FLLPs commented above are intermolecular systems, i.e.

the LA and LB antagonists belong to different molecules, many intramolecular

2T, A. Kinder, R. Pior, S. Blomeyer, B. Neumann, H.-G. Stammler, N. W. Mitzel, Chem. Eur. J.,
2019, 25, 5899-5903.

2 P. Holtkamp, F. Friedrich, E. Stratmann, A. Mix, B. Neumann, H.-G. Stammler, N. W. Mitzel,
Angew. Chem. Int. Ed., 2019, 58, 5114-5118.

» (a) A. M. Chapman, M. F. Haddow, D. F. Wass, J. Am. Chem. Soc., 2011, 135, 18463-18478;
(b) X. Xu, G. Kehr, C. G. Daniliuc, G. Erker, J. Am. Chem. Soc., 2015, 137, 4550-4557; (c) H.
B. Hamilton, A. M. King, H. A. Sparkes, N. E. Pridmore, D. F. Wass, Inorg. Chem., 2019, 58,
6399-6409.

% A. M. Chapman, D. F. Wass, Dalton Trans., 2012, /1, 9067-9072.

M. J. Sgro, D. W. Stephan, Chem. Commun., 2013, 49, 2610-2612.

# G. Lu, P. Zhang, D. Sun, L. Wang, K. Zhou, Z.-X. Wang, G.-C Guo, Chem. Sci., 2014, 5, 1082-
1090.

» (a) J. Campos, J. Am. Chem. Soc., 2017, 139, 2944-2947. See also: (b) N. Hidalgo, S. Bajo, J. J.
Moreno, C. Navarro-Gilabert, B. Q. Mercado, J. Campos, Dalton Trans., 2019, 48, 9127-9138; (¢)
N. Hidalgo, J. J. Moreno, M. Pérez-Jiménez, C. Maya, J. Lépez-Serrano, J. Campos, Chem. Eur.
J., 2020, 26, 5915; (d) N. Hidalgo, J. J. Moreno, M. Pérez-Jiménez, C. Maya, J. Lépez-Serrano,
J. Campos, Chem. Eur. J., 2020, 26, 5982-5993; (e) N. Hidalgo, J. J. Moreno, M. Pérez-Jiménez,
C. Maya, J. Lopez-Serrano, J. Campos, Organometallics, 2020, 89, 2534-2544.

% (a) A. Berkefeld, W. E. Piers, M. Parvez, L. Castro, L. Maron, O. Eisenstein, J. Am. Chem. Soc.,
2012, 134, 10843-10851; (b) A. Berkefeld, W. E. Piers, M. Parvez, L. Castro, L. Maron, O.
Eisenstein, Chem. Sci., 2013, 4, 2152-2162; (c¢) P. Xu, Y. Yao, X. Xu, Chem. Eur. J., 2017, 23,
1263-1267; (d) P. Xu, X. Xu, ACS Catal., 2018, 8, 198-202; (e) P. Xu, L. Wu, L. Dong, X. Xu,
Molecules, 2018, 23, 360-368; (f) K. Chang, X. Wang, Z. Fan, X. Xu, Inorg. Chem., 2018, 57,
8568-8580.

K. Chang, Y. Dong, X. Xu, Chem. Commun., 2019, 55, 12777-12780.
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FLPs have been described as well. For instance, Erker and co-workers showed that
ethylene-bridged phosphane-borane FLPs rapidly split dihydrogen® and Stephan
and co-workers employed R,P-B(C¢F;): (R = Cy or tBu) phosphinoboranes to
achieve the same reactivity.* In 2008, Repo and co-workers reported a benzylene-
bridged aminoborane able to quantitatively split H, in toluene solution at only 20
°C.3* Similarly, Lammerstsma and co-workers underscored the enhanced reactivity
that can be achieved with a series of geminal phosphinoboranes as preorganized
FLPs where the donor and acceptor sites are perfectly aligned.® Also, the use of a
phenylene-bridged intramolecular B/N FLP to transform carbon dioxide into
formyl, acetal and methoxy derivatives was reported by Fontaine and co-workers.*
Figure 1.2 gathers several representative examples of intra- and intermolecular
FLPs.

2 P, Spies, G. Erker, G. Kehr, K. Bergander, R. Frohlich, S. Grimme, D. W. Douglas, Chem.
Commun., 2007, 5072-5074.

# 8. J. Geier, T. M. Gilbert, D. W. Stephan, J. Am. Chem. Soc., 2008, 150, 12632-12633.

V. Sumerin, F. Schulz, M. Atsumi, C. Wang, M. Nieger, M. Leskeld, T. Repo, P. Pyykko, B.
Rieger, J. Am. Chem. Soc., 2008, 130, 14117-14119.

» F. Bertini, V. Lyaskovskyy, B. J. J. Timmer, F. J. J. de Kanter, M. Lutz, A. W. Ehlers, J. C.
Slootweg, K. Lammertsma, J. Am. Chem. Soc., 2012, 134, 201-204.

% M.-A. Courtemanche, A. P. Pulis, E. Rochette, M.-A. Légaré, D. W. Stephan, F.-G. Fontaine,
Chem. Commun., 2015, 51, 9797-9800.
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Intramolecular FLPs

Lk

NM92
= (X
Mes,P----B(CcFs),  tBuP—B(CgFs), tBu P BPhy BAr
B(CsFs)2
ethylene-bridged direct link benzylene-bridged = methylene-bridgeded phenylene-bridged
Erker 2007 Stephan 2008 Repo 2008 Lammertsma 2012 Fontaine 2015

Intermolecular FLPs

Lewis bases Lewis acids
:PtBu; :PMes; "OR, B(CeFs)s
phosphines ethers Boron-based O Q
.. H
i e
N
| N b R Si R
2 Al(CgF5)3
amines silylenes Aluminum-based Allenes
Ry “ R RiP PR | . RE(OAN);
\—/ .C.. Si(CeMes)s RE= La, Sm, Y
carbenes carbon (0) silylium cations Rare-earth aryloxide

Figure 1.2. Selected examples of intra- and intermolecular FLPs.

The vast number of FLP systems reported so far and their unique and rich
reactivity (see section 1.2) confirm the generality of the concept. This topic has

been the focus of several recent books®” and reviews,*” to which we refer the

3 (a) G. Erker, D. W. Stephan, Frustrated Lewis Pairs I: uncovering and understanding, Topics in
Current Chemistry, 2013, vol. 332, Springer Berlin Heidelberg, Berlin/Heidelberg; (b) G. Erker,
D. W. Stephan, Frustrated Lewis Pairs II: expanding the scope, Topics in Current Chemistry,
2013, vol. 334, Springer Berlin Heidelberg, Berlin/Heidelberg; (¢) C. B. Caputo, D. W. Stephan,
Non-conventional Lewis Acids and Bases in Frustrated Lewis Pair Chemistry, in: The Chemical
Bond III, Structure and Bonding, D. Mingo (Ed.) 2015, vol. 171, Springer International Publishing.
(d) J. C. Slootweg, A. Jupp, Frustrated Lewis Pairs, 2021, Vol. 2, Springer International
Publishing.

% For selected recent reviews, see: (a) T. Wiegand, M. Siedow, H. Eckert, G. Kehr, G. Erker, Isr.
J. Chem., 2015, 55, 150-178; (b) S. A. Weicker, D. W. Stephan, Bull. Chem. Soc. Jpn., 2015, 88,
1003-1016; (c) D. W. Stephan, G. Erker, Angew. Chem. Int. Ed., 2015, 54, 6400-6441; (d) D. W.
Stephan, Acc. Chem. Res., 2015, /8, 306-316; (e) L. Rocchigiani, Isr. J. Chem., 2015, 55, 134-
149; (f) M. Pu, T. Privalov, Isr. J. Chem., 2015, 55, 179-195; (g) D. W. Stephan, Science, 2016,
354, aaf7229; (h) A. J. P. Cardenas, Y. Hasegawa, G. Kehr, T. H. Warren, G. Erker, Coord.
Chem. Rev., 2016, 300, 468-482; (i) J. M. Bayne, D. W. Stephan, Chem. Soc. Rev., 2016, /5,
765-774; (j) F.-G. Fontaine, M.-A. Courtemanche, M.-A. Légaré, E. Rochette, Coord. Chem. Rev.,
2017, 534, 124-135; (k) W. Hui, Z. Yi, P. Zhentao, F. Hongliang, L. Fei, Z. Weihui, Chinese J.
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1. Introduction

interested reader for further details. The growing interest that FLPs have caused
in the scientific community is clearly illustrated by the increasing number of annual
publications and the high number of citations (~69000) since the 2006 seminal
report by Stephan and co-workers (Figure 1.3).

2409 [ ]FLP in the title _
[_|FLP in the topic .

200 =
. B _
S —
= 160 - -
9
S
=]
2 120 4
2 _
o
g . N
£ 80+
3
=

40_ ’_H

0 '_i_'rﬂ | B B

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

Figure 1.3. Publications per year containing “Frustrated Lewis Pairs” in the title (orange bars) or

in the topic (green bars) according to the Web of Science database.

1.2. Reactivity of FLPs

1.2.1. Dihydrogen activation and hydrogenation reactions

By far, the heterolytic cleavage of the strong H-H bond (104 kcal/mol)* in
the H, molecule is the most representative reaction in the FLP chemistry. Please
note that neither LAs nor LBs alone are able to split dihydrogen. At variance, the

cooperative action of LA/LB combinations makes this reaction feasible. This

Org. Chem., 2017, 37, 301-313; (1) S. Arndt, M. Rudolph, A. S. K. Hashmi, Gold Bull., 2017, 50,
267-282; (m) D. J. Scott, M. J. Fuchter, A. E. Ashley, Chem. Soc. Rev., 2017, 46, 5689-5700; (n)
7. Zhenbei, S. Wei, C. Zhishan, Chinese J. Org. Chem., 2018, 38, 1292-1318; (o) Y. Ma, S. Zhang,
C.-R. Chang, Z.-Q. Huang, J. C. Ho, Y. Qu, Chem. Soc. Rev., 2018, /7, 5541-5553; (p) L. L. Liu,
D. W. Stephan, Chem. Soc. Rev., 2019, 48, 3454-3463; (q) L. Liu, B. Lukose, P. Jaque, B. Ensing,
Green Energy Environ., 2019, /, 20-28; (r) J. Paradies, Fur. J. Org. Chem., 2019, 283-294; (s)
A. R. Jupp, D. W. Stephan, Trends Chem., 2019, 1, 35-38; (t) D. W. Stephan, Chem., 2020, 6,
1520-1526; (u) N. Li, W.-X. Zhang, Chin. J. Chem., 2020, 38, 1360-1370; (v) G. Sharma, P. D.
Newman, J. A. Platts, J. Mol. Graph. Model., 2021, 105, 107846.
* M. L. Huggins, J. Am. Chem. Soc., 1953, 75, 4123-4126.



Understanding the reactivity of Frustrated Lewis Pairs

process, which typically proceeds in a smooth and reversible manner, can be

subsequently used to carry out hydrogenation reactions of different unsaturated

40 41,42

organic substrates, such as imines, aziridines, N-protected nitriles,* alkenes,
alkynes,® silyl enol ethers,* aldehydes," ketones'®* or polyaromatic hydrocarbons*
(Figure 1.4). Both transformations, i.e. H, splitting and hydrogenation reactions,
were traditionally mediated by transition metal complexes. ¥ Therefore, a
prominent aspect of the FLP chemistry is the possibility to achieve dihydrogen
activation and hydrogenation reactions by employing main group species, in many
instances in a catalytic manner. In this sense, FLPs constitute a metal-free
alternative to the widely extended use of transition metal complexes, which in most

cases are scarce, expensive, or toxic.

0P, A. Chase, G. C. Welch, T. Jurca, D. W. Stephan, Angew. Chem. Int. Ed., 2007, /6, 8050-8053.

4 J. Paradies, Angew. Chem. Int. Ed., 2014, 53, 3552-3557.

2 L. Greb, P. Onia-Burgos, B. Schirmer, S. Grimme, D. W. Stephan, J. Paradies, Angew. Chem.
Int. Ed., 2012, 51, 10164-10168.

18 K. Chernichenko, A. Madardsz, 1. Pépai, M. Nieger, M. Leskeld, T. Repo, Nat. Chem., 2013, 5,
718-723.

"' H. Wang, R. Frohlich, G. Kehr, G. Erker, Chem. Commun., 2008, 5966-5968.

$ T. Mahdi, D. W. Stephan, J. Am. Chem. Soc., 2014, 136, 15809-15812.

6. Segawa, D. W. Stephan, Chem. Commun., 2012, 48, 11963-11965.

" (a) R. L. Augustine, Heterogeneous Catalysis for the Synthetic Chemist, 1996, Dekker, New York;
(b) A. Molnér, A. Sérkiny, M. Varga, J. Mol. Catal. A: Chem., 2001, 173, 185-221; (c) S.
Nishimura, Handbook of Heterogeneous Catalytic Hydrogenation for Organic Synthesis, 2001,
Wiley, New York; (d) H.-U. Blaser, C. Malan, B. Pugin, F. Spindler, H. Steiner, M. Studer, Adv.
Synth. Catal., 2003, 345, 103-151; (e) G. J. Kubas, J. Organomet. Chem., 2014, 751, 33-49.
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Substrate FLP Product Reference
R\N R\NH

J\ RZPOB(CGFS)Z 40
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R R’ R R’
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Figure 1.4. Selected examples of hydrogenation reactions mediated by FLPs.

Strikingly, these FLP mediated, metal-free, hydrogenation reactions can be
also performed in an asymmetric manner. For instance, Klankermeyer and Chen
initially reported that ketimine 1.3 can be quantitatively reduced to 1.5 by means
of chiral borane 1.4 (Scheme 1.4A).* Although the observed enantiomeric excess
(ee) was poor (13%), this initial report paved the way to further developments.
Indeed, the same group developed a much more efficient catalyst based on the FLP
composed of the chiral bicyclic borane 1.7 and tBusP. This species was able to
asymmetrically reduce several ketimines with ee’s up to 81% (Scheme 1.4B).* In a
further effort, the same group employed the chiral FLP catalyst 1.10 to reduce the
imine 1.9 with an ee of 76% and using a rather low catalyst loading of only 2.0
mol% (Scheme 1.4C).%

¥ D. Chen, J. Klankermayer, Chem. Commun., 2008, 2130-2131.
¥ D. Chen, Y. Wang, J. Klankermayer, Angew. Chem. Int. Ed., 2010, 49, 9475-9478.
% G. Ghattas, D. Chen, F. Pan, J. Klankermayer, Dalton Trans., 2012, /1, 9026-9028.
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A) Klankermayer 2008

Phy Hp/cat. 1.4 Ph\H
)\ )\
Ph cat.1.4=®/ Ph
1.3 = 1.5 (13% ee
B(CoFs): (13% ee)

B) Klankermayer 2010

MeO. : Me0\©\
N NH

1.6 1.8 (81% ee (R))

C) Klankermayer 2012

MeO
MeO H,/ cat. 1.10 \©\
« — O,
N
o

| cat. 1.10

OMe
OMe
1.9 1.11 (76% ee (R))

tBUzp@H

Scheme 1.4. FLP-catalyzed asymmetric reductions of ketimines reported by the Klankermayer
group.

After these seminal reports by Klankermayer and co-workers, many groups
have focused on broadening the substrate scope, enhancing the catalyst activity,
and adapting FLP chemistry to design more effective catalysts for asymmetric
reductions. Most of this research has been recently gathered in several review
articles.’™3m51 Although the description of all these FLP applications is far beyond
the scope of this introduction, we would like to highlight some representative
examples reporting high reaction yields and /or enantiomeric excesses. For instance,
Repo and co-workers described the synthetic route to the enantiopure aminoborane
catalyst 1.12, which could not be isolated due to its high moisture and air
sensitivity. However, after a very fast (< 1 min) heterolytic splitting of H,, it was

possible to isolate and fully characterize the resulting ammonium borohydride salt

 (a) W. Meng, X. Feng, H. Du, Acc. Chem. Res., 2018, 51, 191-201; (b) J. Lam, K. M. Szkop, E.
Mosaferi, D. W. Stephan, Chem. Soc. Rev., 2019, 48, 3592-3612.
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1.13 (Scheme 1.5). This zwitterionic salt successfully catalyzes the asymmetric

hydrogenation of enamines and unhindered imines with ee up to 99%.%

OO e
N toluene, 1 min, RT SNZ

©
O‘ B(CeFs)2 C¢Ds, 15 min, 80°C OO BI\-(ICGFS)Z

1.12 113

cat. 1.13 L )
30 min, RT N

tBu-O-Me (:()
quant.

99 % ee

Scheme 1.5. Reversible dihydrogen activation reaction mediated by aminoborane 1.12 (top) and
asymmetric reduction of an enamine catalyzed by the zwitterionic salt 1.13 (bottom) reported by

Repo and co-workers (see reference 52).

In 2016, Du and co-workers reported the catalytic asymmetric reduction of
imines (84-95% ee) using a combination of the Piers’ borane, HB(C¢F5),, and chiral
tert-butylsulfinamide as FLP partners (Scheme 1.6A).> Curiously, in this work the
hydrogen source was ammonia borane (NHs - BH;) which afforded better results
than H,. Only one year later, the same group reported, using a similar strategy, the
metal-free asymmetric transfer hydrogenation of 2 3-disubstituted quinoxalines

with excellent ee’s as high as 99%.* (Scheme 1.6B).

2 M. Lindqvist, K. Borre, K. Axenov, B. Ké6tai, M. Nieger, M. Leskeld, 1. Pdpai, T. Repo, J. Am.
Chem. Soc., 2015, 137, 4038-4041.

8. Li, G. Li, W. Meng, H. Du, J. Am. Chem. Soc., 2016, 138, 12956-12962.

S, Li, W. Meng, H. Du, Org. Lett., 2017, 19, 2604-2606.

- 13-



Understanding the reactivity of Frustrated Lewis Pairs

A) Du 2016
1. HB(CgFs), (10 mol %)
Q
S (10 mol 0/0)
tBu/ \NHZ
NA toluene, 30°C, 12 h VTl

| -~
Ar)\Me 2. pyridine (10 mol %) Ar)\Me
NH5-BH3 (1.0 equiv)
toluene, 30 °C, 12 h

B) Du 2017

o)
g (30 mol %)

“NH,
@ I CHZCIz 30°C, 12 h @ I
2. NH5-BH; (2.0 equiv)

CH,Cl,, 30 °C, 24 h

ee up to 99%

Scheme 1.6. Catalytic asymmetric reductions of A) imines and B) disubstituted quinoxalines
employing the FLP system HB(CgF5)2/chiral tert-butylsulfinamide.

Interestingly, the reversible cleavage of the hydrogen molecule mediated by
FLPs has envisioned a potential application of the FLP chemistry within the field
of renewable energies. In this regard, dihydrogen is a promising energy source that
has gained much attention in the last years due to its advantages over the existing

energy supplies, namely:

i. The exothermic reaction of dihydrogen with oxygen or air generates
harmless water as the only product.

ii. It is environmentally clean and can be a good alternative for the widely
extended use of fossil fuels which are scarce, expensive, and often produce
greenhouse gases and other pollutants.

iii. Hydrogen possesses a high energy storage capacity. It has been estimated
that the energy contained in 1 kg of hydrogen is about 33.3 kWh (120

MJ/kg),” which exceeds double of most conventional fuels.

% D. Teichmann, W. Arlt, P. Wasserscheid, Int. J. Hydrogen Energy, 2012, 37, 18118-18132.
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Despite that, there are some limitations to overcome in the use of the energy
derived from dihydrogen. For example, its storage remains the major challenge due
to its extremely low density (0.0898 g/L at 0 °C and 1 bar).’® The existing storage
methods usually require high-pressure technologies or harsh cryogenic conditions.””
For this reason, much research is being done on low-cost materials that can easily
sequester and release large amounts of dihydrogen as potential dihydrogen storage
materials. In this regard, boron-nitrogen compounds have been proposed as an
attractive alternative.® For instance, ammonia-borane (AB) is a promising
hydrogen storage material because it is stable at room temperature, quite soluble
in water and can sequester a high weight percentage of dihydrogen (19.6%).%
However, the required Hs release process from B—N compounds still constitutes the
major limitation of this alternative. To overcome this drawback, several authors

have reported different strategies based on FLPs to perform dehydrogenation

reactions with concomitant regeneration of the starting amino-borane compounds.

For instance, Miller and Bercaw reported the stoichiometric dehydrogenation
reaction of dimethylamine-borane (DMAB) using the FLP P{Bus/B(CgF5)s under
mild conditions to produce the corresponding phosphonium borohydride salt and
the dimeric (R:NBH,), with a high conversion rate of 95% (Scheme 1.7A).% The
dehydrogenation of AB under the same conditions was also reported, albeit with
lower conversion rates (80-85%), affording polyaminoboranes (NH:BHs),. Almost
simultaneously, Manner and co-workers reported the ability of several FLPs based
on Group 14 triflates and bulky nitrogen bases to stoichiometrically dehydrogenate
amine- and phosphane-borane adducts. ® As a representative example of this work,
the FLP constituted by nBusSnOTf and 2,2,6,6-tetramethylpiperidine (TMP) was
found to cleanly and rapidly dehydrogenate DMAB yielding [Me:N-BHo.|, with 86%

% M. Feller, Phys. Sci. Rev., 2018, 4, 20180033.

T A. Zuttel, Naturwissenschaften, 2004, 91, 157-172.

% For reviews on ammonia—borane as dihydrogen source, see: (a) T. B. Marder, Angew. Chem. Int.
Ed., 2007, 46, 8116-8118; (b) F. H. Stephens, V. Pons, R. T. Baker, Dalton Trans., 2007, 2613-
2626; (c) B. Peng, J. Chen, Energy Environ. Sci., 2008, 1, 479-483; (d) A. Staubitz, A. P. M.
Robertson, M. E. Sloan, [. Manners, Chem. Rev., 2010, 110, 4023-4078; (e) A. Staubitz, A. P. M.
Robertson, I. Manners, Chem. Rev., 2010, 110, 4079-4124; (f) D. H. A. Boom, A. R. Jupp, J. C.
Slootweg, Chem. Fur. J., 2019, 25, 9133-9152.

% (. W. Hamilton, R. T. Baker, A. Staubitz, I. Manners, Chem. Soc. Rev., 2009, 38, 279-293.

A, J. M. Miller, J. E. Bercaw, Chem. Commun., 2010, 46, 1709-1711.

o G. R. Whittell, E. I. Balmond, A. P. M. Robertson, S. K. Patra, M. F. Haddow, I. Manners, Fur.
J. Inorg. Chem., 2010, 3967-3975.
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conversion (Scheme 1.7B). Notably, the authors carried out control experiments
which confirm that the separate components of the FLP were not able to
dehydrogenate the aforementioned aminoboranes. Thus, once again the cooperative
action of the acid and the basic functionalities of the FLP system was found to be

crucial.

A tBusP / B(CgF5)3
Me,NH-BH4 ~  (Me,NBH,),
CeDsCl, 25°C conversion > 95%
B) H
)Lf / nBuzSnOTf
Me,NH-BH ~  (Me,NBH,),

1,2-Cl,CgHy, 20 °
2-ClyCeHy, 20 °C Conversion 86%
after 7 min

Scheme 1.7. Stoichiometric dehydrogenation of dimethylamine-borane mediated by the FLP: A)
tBus/B(CeF5); and B) TMP/nBusSnOTH.

Moreover, the dehydrogenation of aminoboranes mediated by FLPs can be
also performed in a catalytic manner. For instance, the Erker group showed that
the treatment of imine 1.14 with AB in the presence of catalytic amounts of FLP
1.15 (ca. 10 mol%) leads to the rapid formation of the corresponding amine 1.16

and borazine (Scheme 1.8).57-62

62 (a) S. Schwendemann (2008) Hydrierungsreaktionen mit sterisch gehinderten Phosphan-Boran-
Addukten. Diplomarbeit, Minster. See also: (b) D. W. Stephan, G. Erker, Angew. Chem. Int. Ed.
2010, 49, 46-76.
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H
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1/, H3N-BH;4 s HN “NH
HB. -BH
N
H
Me.”B(CgFs), Ve gCer)z
| | O™ H
MeSZP H M932P H
1.15 |
H
Me NHtBu Me NtBu
1.16 1.14

Scheme 1.8. Catalytic reduction of imine 1.14 using ammonia-borane and FLP 1.15.

Slootweg, Uhl and co-workers also showed that the treatment of FLP 1.17
(9.3 mol%) with DMAB afforded the thermally unstable adduct 1.18 and Ho..
Heating to 90 °C leads to the formation of the dimeric (Me:N-BH:); and complete
regeneration of the FLP 1.17 in 45 min and 71% yield (Scheme 1.9).% Lower
loadings of FLP 1.17 (0.4 mol%) resulted in a similar conversion rate; however,
considerably longer reaction times up to 44 hours were required. The reactivity of
FLP 1.17 towards the less hindered AB was also investigated but, in this particular
case, the adduct 1.19 was remarkably stable and, as a consequence, the starting
FLP 1.17 could not be regenerated (Scheme 1.9). In a related study, the reactivity
towards aminoboranes of the analogous Ga/P-based FLP was described (Scheme
1.9).% In this case, the same reactivity as the analogous FLP 1.17 towards AB and
DMAB was found. However, the corresponding adduct 1.22 was markedly much
more unstable than its aluminum counterpart and therefore, regeneration of the
FLP 1.20 and formation of oligomeric BN compounds were accomplished. Indeed,
small quantities of FLP 1.20 (4 mol%) could be used to catalyze the hydrogen
transfer from AB to the imine PhCH=N?Bu affording the corresponding amine.

03 C. Appelt, J. C. Slootweg, K. Lammertsma, W. Uhl, Angew. Chem. Int. Ed., 2013, 52, 4256-
4259.
61 J. Possart, W. Uhl, Organometallics, 2018, 37, 1314-1323.
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RzHNBH3 H2
Ph
Ph ® |@
| MeSZR /EtBuz
Mes,P” “EtBu, HaB AR

Adduct 1.18 (E=Al, R=Me)
Adduct 1.19 (E=Al, R=H)
Adduct 1.21 (E=Ga, R=Me)
Adduct 1.22 (E=Ga, R=H)

FLP 1.17 (E= Al)

FLP 1.20 (E= Ga) for adducts 1.18, 1.21

and 1.22

- (RoN-BH3),

Scheme 1.9. Catalytic dehydrocoupling of amino-boranes mediated by FLPs 1.17 and 1.20.

In 2016, Aldridge and co-workers reported the catalytic dehydrogenation of
several amine-boranes by a preorganized dimethylxanthene-derived FLP.® Thus,
FLP 1.23 was shown to catalyze the dihydrogen release from AB, DMAB, and
MeNH, - BH; (MAB) at 55 °C employing only 1 mol% catalyst loading (Scheme
1.10).

R1 = R2 =H
R1=R2=Me R1=Me,R2=H
(MeZN'BHz)Z < R‘l RZNHBHB (R1NBH)3
FLP 1.23 (1 mol %) FLP 1.23 (1 mol %)
DCM, 48 h, 55 °C DCM, 24 h, 55 °C

0]

PPh, B(CsF5)o
Scheme 1.10. Dehydrogenation of amine-boranes catalyzed by FLP 1.23.

In a related effort, Bourissou and co-workers employed the o-phenylene
bridged FLP 1.24 to catalytically dehydrogenate a variety of amine- and
diamine-boranes under mild reaction conditions. ¢ By means of different
experimental and computational tools, the authors concluded that FLP 1.24 adopts

preferably a closed-form where the dative, donor-acceptor bond is formed. However,

5 (a) Z. Mo, A. Rit, J. Campos, E. L. Kolychev, S. Aldridge, J. Am. Chem. Soc., 2016, 138, 3306-
3309; (b) O. Sadek, G. Bouhadir, D. Bourissou, Chem. Soc. Rev., 2021, 50, 5777-5805.

6 M. Boudjelel, E. D. Sosa Carrizo, S. Mallet-Ladeira, S. Massou, K. Miqueu, G. Bouhadir, D.
Bourissou, ACS Catal., 2018, 8, 4459-4464.
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due to the high ring strain, this bond is labile which makes the open, active
geometry accessible. Curiously, although FLP 1.24 did not react with H, (2 atm)
after days at 50 °C, the catalytic dehydrogenation of DMAB was accomplished
employing 1% mol FLP 1.24 loading at 55 °C in 6 hours (Scheme 1.11). This result
contrasts with the required 48 h under similar reaction conditions reported by
Aldridge and co-workers in the previously commented work (see above).
Furthermore, screening of the reaction conditions for this dehydrogenation reaction
indicated that the transformation can proceed either by decreasing or increasing
the catalytic loading at the expense of time or temperature leading to similar

quantitative results.

FLP 1.24 =
iPryP----B(Fxyl),

2 MezNH'BH3 (MezN'BH2)2 + 2 H2
o,
FLP 1.24 (1 mol %) Yield ~ 99 %
hexanes, 55 °C, 6h

Scheme 1.11. Catalytic dihydrogen release from dimethylamine-borane mediated by FLP 1.24.

1.2.2. Activation of other small molecules

The cooperative mode of action of the acceptor and donor functionalities of
FLPs resembles the way that transition metals act as both acceptors and donors,
allowing them to activate a wide range of small molecules. This feature prompted
many studies where the use of FLPs has been extended to activate a growing range

of small molecules. Indeed, FLPs activate not only dihydrogen but also CO,*" CO,,%

67 (a) M. Sajid, G. Kehr, C. G. Daniliue, G. Erker, Angew. Chem. Int. Ed., 2014, 53, 1118-1121;
(b) M. Sajid, L. M. Elmer, C. Rosorius, C. G. Daniliuc, S. Grimme, G. Kehr, G. Erker, Angew.
Chem. Int. Ed., 2013, 52, 2243-2246; (c¢) Q. Sun, C. G. Daniliue, C. Miick-Lichtenfeld, K.
Bergander, G. Kehr, G. Erker, J. Am. Chem. Soc., 2020, 142, 17260-17264.

% For a review, see: D. W. Stephan, G. Erker, Chem. Sci., 2014, 5, 2625-2641.
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CS2,% SO,,%2™ N,O,™ dienes,™ ethers,™ isocyanates,™ and disulfides,” among others
species. Scheme 1.12 shows some selected examples of small molecule activations
mediated by FLPs. In this section, we summarize representative examples involving

the activation of alkenes/alkynes and CO..

_C. CO = ®
(CeF5);B” "PMes, = Bugp” N > B(CeFs)s
\_/®
0
7/
0-Q CO, N,O ® No 0.0
thngétBuz -~ ——— BusP” N7 B(CgFs)s
(FLP)
s-¢& — SO S
2
(FXW)QB/\/\PtBuz 4& - e MeSZP\ ,B(C6F5)2
oY ® S
® NR
[tBusP-S-R] RSSR RNCO B,O‘QP
R-S-B(CgFs)a] — ——— Ph, tBu,
[ @( 6F5)3l o ®

Scheme 1.12. Selected examples of small molecule activations promoted by FLPs.

Even though neither tertiary phosphines nor tertiary boranes are known to
react with olefins, the combination of both reagents leads to addition reactions to
the C=C double bond of different olefins. For instance, Stephan and co-workers

reported that the BCF/PtBus FLP reacts with ethylene, propylene, or 1-hexene

9 K. Samigullin, I. Georg, M. Bolte, H.-W. Lerner, M. Wagner, Chem. Eur. J., 2016, 22, 3478-
3484.

" (a) A. Adenot, N. von Wolff, G. Lefevre, J.-C. Berthet, P. Thuéry, T. Cantat, Chem. Eur. J.,
2019, 25, 8118-8126; (b) M. Sajid, A. Klose, B. Birkmann, L. Liang, B. Schirmer, T. Wiegand, H.
Eckert, A. J. Lough, R. Frohlich, C. G. Daniliuc, S. Grimme, D. W. Stephan, G. Kehr, G. Erker,
Chem. Sci., 2013, 4, 213-219; (c) J. Moricke, B. Wibbeling, C. G. Daniliue, G. Kehr, G. Erker,
Phil. Trans. R. Soc. A, 2017, 375, 20170015; (d) X. Xu, G. Kehr, C. G. Daniliuc, G. Erker, J.
Am. Chem. Soc., 2014, 156, 12431-12443.

™ (a) R. C. Neu, E. Otten, A. Lough, D. W. Stephan, Chem. Sci., 2011, 2, 170-176; (b) E. Otten,
R. C. Neu, D. W. Stephan, J. Am. Chem. Soc., 2009, 151, 9918-9919.

™ M. Ullrich, K. S.-H. Seto, A. J. Lough, D. W. Stephan, Chem. Commun., 2009, 2335-2337.

™ (a) G. C. Welch, L. Cabrera, P. A. Chase, E. Hollink, J. D. Masuda, P. Wei, D. W. Stephan,
Dalton Trans., 2007, 3407-3414; (b) G. C. Welch, J. D. Masuda, D. W. Stephan, Inorg. Chem.,
2006, 45, 478-480.

™ . Theuergarten, J. Schlosser, D. Schliins, M. Freytag, C. G. Daniliuc, P. G. Jones, M. Tamm,
Dalton Trans., 2012, 41, 9101-9110.

" M. A. Dureen, G. C. Welch, T. M. Gilbert, D. W. Stephan, Inorg. Chem., 2009, 48, 9910-9917.
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affording the zwitterionic species depicted in Scheme 1.13A.7 In the same study, it
was confirmed that FLPs can also react with olefins in an intramolecular manner.
Thus, the sterically encumbered (pentenyl)PR: phosphines (R= {Bu, CsH:Mes)
react with BCF leading to the cyclic products 1.25 and 1.26 (Scheme 1.13B).

A) ®
H
B(CgFs)s/tBusP S) PtB
>_ (CeF5)3/tBusP (CGF5)3B/\( usz
H R R

R = H, CH3, C4H7

B) §2
B ©
N PRe (CoFs)s (CGF5)3B/\<_@
R = tBu (1.25)

R= C6H2Me3 (126)

Scheme 1.13. A) Intermolecular and B) intramolecular additions of FLPs to olefins.

Analogous additions of FLPs to alkynes were observed affording the
corresponding zwitterionic phosphonium borate products (Scheme 1.14). However,
when terminal alkynes are involved, there exists a competition between the
activation of the terminal C-H bond and the P/B(Al) addition to the alkyne.
Stephan and co-workers demonstrated that the nature of the base is decisive for
the outcome of the reaction.™ Thus, when phenylacetylene reacts with a
combination of the phosphine PPhs (or P(o-tol)s) and the LA BCF, the respective
zwitterionic products derived from the FLP addition to the alkyne were produced
(Scheme 1.14, right). In contrast, when using the bulkier P¢{Bus phosphine as LB,
only the C—H activation product of phenylacetylene was observed (Scheme 1.14,
left).

®
| HPtBUS|

©)
PRy/B(CeFs); R H
|[Ph—=—B(CeFs)]

3 PtBU3/B(CsF5)3 _ .
~ Ph—= o

R= Ph or o-tol Ph B(CgFs)s

Scheme 1.14. Terminal alkyne activation promoted by FLPs.

" M. A. Dureen, D. W. Stephan, J. Am. Chem. Soc., 2009, 151, 8396-8397.
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Carbon dioxide (COs) is one of the main greenhouse gases responsible for
global warming. In consequence, strategies to capture, chemically modify or store
COs have attracted much interest in the scientific community. The main drawback,
which hampers the development of such strategies, is the extraordinarily limited
reactivity of COs due to its thermodynamic stability. This issue has been addressed
from different approaches such as the use of zeolites,” metal-organic frameworks,™
activated carbon,” etc. The ambiphilic nature of FLPs confers them the ability to
activate COs by nucleophilic attack to the electrophilic carbon atom and subsequent

electrophilic capture of the resulting products.

In 2009, Erker and co-workers first described a new approach based on FLPs
to reversibly sequester CO, under mild reaction conditions.* Thus, a solution of
PtBus; and BCF in CsH;Br under a CO, atmosphere at room temperature afforded
the CO, activation product 1.27 in an excellent 87% yield (Scheme 1.15A).
Similarly, CO,  was captured using  the intramolecular FLP
(MesCsH2):PCH2CHB(CgF5). affording the product 1.28 in 79% yield (Scheme
1.15B). In addition, the thermal stability of the observed CO-activation products
1.27 and 1.28 was also analyzed. The authors reported that when a solution of
1.27 in bromobenzene was heated up to 80 °C for 5 hours under vacuum, ca. 50%
regeneration of the initial FLP mixture and CO, was observed. Strikingly, whereas
product 1.28 is relatively stable in the solid-state, dichloromethane or toluene

solutions of this species at -20 °C revert to the starting materials.

" For a recent review, see: S. Kumar, R. Srivastava, J. Koh, J. CO, Util., 2020, /1, 101251, and
references therein.

™ (a) J. L. C. Rowsell, E. C. Spencer, J. Eckert, J. A. K. Howard, O. M. Yaghi, Science, 2005, 309,
1350-1354; (b) A. C. Sudik, A. R. Millward, N. W. Ockwig, A. P. Cété, J. Kim, O. M. Yaghi, J.
Am. Chem. Soc., 2005, 127, 7110-7118; (¢) R. Banerjee, A. Phan, B. Wang, C. Knobler, H.
Furukawa, M. O’Keeffe, O. M. Yaghi, Science, 2008, 319, 939-943.

™ For a review, see: K. B. Lee, M. G. Beaver, H. S. Caram, S. Sircar, Ind. Eng. Chem. Res., 2008,
47, 8048-8062.

8 C. M. Mémming, E. Otten, G. Kehr, R. Frohlich, S. Grimme, D. W. Stephan, G. Erker, Angew.
Chem. Int. Ed., 2009, /8, 6643-6646.
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A) ®
CO, 25°C  tBusP<_O
PtBU3 + B(CGF5)3 - O\@
80 °C, vacuum B(CgFs)3
-CO; 1.27
B)
/N CO,, 25°C ®/ \O
(CeHoMes),P----B(CeFs)y > (CgHoMeg)R  B(CeFs)2
DCM, > -20 °C >*O
-CO, o
1.28

Scheme 1.15. Reversible CO; captures employing A) an intermolecular and B) intramolecular
FLP.

After this initial report by Erker and co-workers, several intra- and
intermolecular FLPs have been proven to successfully capture CO, (Figure 1.5).%
This transformation can be performed using a wide variety of FLPs having B,
Al B 13083 Gj 228 (3e 2% Sn,* as the acceptor partners, and NHCs,® phosphinimines,®

or pyrazoles,™ as the basic counterpart.

8 For a review, see: D. W. Stephan, J. Am. Chem. Soc., 2015, 137, 10018-10032.

2 (a) 1. Peuser, R. C. Neu, X. Zhao, M. Ulrich, B. Schirmer, J. A. Tannert, G. Kehr, R. Fréhlich,
S. Grimme, G. Erker, D. W. Stephan, Chem. Eur. J., 2011, 17, 9640-9650; (b) M. Harhausen, R.
Frohlich, G. Kehr, G. Erker, Organometallics, 2012, 31, 2801-2809.

¥ (a) J. Boudreau, M.-A. Courtemanche, F.-G. Fontaine, Chem. Commun., 2011, 47, 11131-11133.

8 M. Reissmann, A. Schafer, S. Jung, T. Muller, Organometallics, 2013, 32, 6736-6744.

% (a) E. L. Kolychev, T. Bannenberg, M. Freytag, C. G. Daniliuc, P. G. Jones, M. Tamm, Chem.
Fur. J., 2012, 18, 16938-16946; (b) E. Theuergarten, T. Bannenberg, M. D. Walter, D.
Holschumacher, M. Freytag, C. G. Daniliuc, P. G. Jones, M. Tamm, Dalton Trans., 2014, 43,
1651-1662.

% C. Jiang, D. W. Stephan, Dalton Trans., 2013, /2, 630-637.
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0 ®
©) PPh
tBuzP—__O @»’Q@ s
hd Mes,P_ _Al(tBu), Ph/N\fo
O\@ l @
B(HCgF4)3 O-B(c.F
Ph (CeFs)s
Stephan 2011 Uhl 2011 Stephan 2013
® _1Bu o
N
tBusP~_O Ja)
TN Je_o )
RS | \l// tBusP\ _E(CaFs)3
i(CeMes); Bu 0.9 ©~ o
B(CeFs)3 E= Ge, Sn
Miiller 2013 Tamm 2014 Mitzel 2019

Figure 1.5. Selected examples of CO, capture mediated by different FLPs.

Although the sequestration of CO, is an attractive alternative in the fight
against global warming, it is arguably more interesting not only to capture but also
to convert CO; into more valuable species. It is well-known that transition metal
complexes are able to transform CO, into Cl-reagents such as formic acid,®
formate, ® formaldehyde, ® methanol, ® methane,*® °' and acetals. > However,

metal-free methodologies able to undergo this transformation are still emerging.

 (a) R. Tanaka, M. Yamashita, K. Nozaki, J. Am. Chem. Soc., 2009, 151, 14168-14169; (b) C.
Federsel, R. Jackstell, M. Beller, Angew. Chem. Int. Ed., 2010, 49, 6254-6257; (c¢) T. Schaub, R.
A. Paciello, Angew. Chem. Int. Ed., 2011, 50, 7278-7282.

% (a) C. Federsel, A. Boddien, R. Jackstell, R. Jennerjahn, P. J. Dyson, R. Scopelliti, G. Laurenczy,
M. Beller, Angew. Chem. Int. Ed., 2010, 49, 9777-9780; (b) R. Langer, Y. Diskin-Posner, G. W.
Leitus, L. J. Shimon, Y. Ben-David, D. Milstein, Angew. Chem. Int. Ed., 2011, 50, 9948-9952; (c)
C. A. Huff, M. S. Sanford, ACS Catal., 2013, 3, 2412-2416; (d) M. S. Jeletic, M. T. Mock, A. M.
Appel, J. C. Linehan, J. Am. Chem. Soc., 2013, 135, 11533-11536; (e) L. Zhang, J. Cheng, Z.
Hou, Chem. Commun., 2013, /9, 4782-4784; (f) R. Shintani, K. Nozaki, K. Organometallics, 2013,
32, 2459-2462; (g) H.-W. Suh, L. M. Guard, N. Hizari, Chem. Sci., 2014, 5, 3859-3872.

¥ (a) S. Bontemps, S. Sabo-Etienne, Angew. Chem. Int. Ed., 2013, 52, 10253-10255; (b) S.
Bontemps, L. Vendier, S. Sabo-Etienne, J. Am. Chem. Soc., 2014, 136, 4419-4425.

% (a) S. Chakraborty, J. Zhang, J. A. Krause, H. Guan, J. Am. Chem. Soc., 2010, 132, 8872-8873;
(b) E. Balaraman, C. Gunanathan, J. Zhang, L. J. W. Shimon, D. Milstein, Nat. Chem., 2011, 3,
609-614; (¢) C. A. Huff, M. S. Sanford, J. Am. Chem. Soc., 2011, 133, 18122-18125; (d) S.
Wesselbaum, T. von Stein, J. Klankermayer, W. Leitner, Angew. Chem. Int. Ed., 2012, 51, 7499-
7502.

9 (a) T. Matsuo, H. Kawaguchi, J. Am. Chem. Soc., 2006, 128, 12362-12363; (b) S. Park, D. Bézier,
M. Brookhart, J. Am. Chem. Soc., 2012, 134, 11404-11407; (¢) S. J. Mitton, L. Turculet, Chem.
Eur. J., 2012, 48, 15258-15262.

2 TF. A. LeBlanc, W. E. Piers, M. Parvez, Angew. Chem. Int. Ed., 2014, 126, 808-811.
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In a seminal report in 2009, Ashley and co-workers described the first
conversion of CO, into methanol mediated by a FLP.” Thus, the addition of CO»
to a solution of the FLP 1.29 (tetramethylpiperidine/BCF) in C;Ds under H,
atmosphere formed CHsOB(CgF;), after 6 days at 160 °C. Subsequent solvent
removal allowed the isolation of methanol in 17-25% yield (Scheme 1.16). Despite
this modest conversion, this initial report stimulated subsequent studies. For
instance, only one year later, Piers and co-workers reported that the treatment of
the same FLP 1.29 with H, yields the ammonium borate ion-pair 1.30, which
catalytically converts CO, into methane employing B(CsF5)s and triethylsilane as
reductant (Scheme 1.16).% Similarly, Stephan and co-workers reported the
irreversible capture of COs using a FLP based on AlXs (X= CI or Br) and PMess.
The corresponding adduct rapidly reacted with an excess of ammonia-borane as the
dihydrogen source at room temperature leading to the formation of methanol
(37-51% yield).'s

Ashley 2009
B(CgF ©)
( f 5)3 HB(C4Fs)s Methanol
H H2 H2 COZ
N - N ]
® B(CeFs)3
Et;SiH
> Methane
Piers 2010
FLP 1.29 1.30

Scheme 1.16. CO, conversion into methanol or methane mediated by the ionic pair 1.30.

In 2013, the Fontaine group also reported a metal-free reduction of CO; to
methanol using FLPs. In this work, the FLP 1-Bcat-2-PPh,-CsHy (cat = catechol)
efficiently catalyzed the transformation of CO, into CH;OBR, or (CH;0BO); with
yields up to 99%.%% After a final hydrolysis step, both products yield methanol
with high turnover numbers (>2950) and turnover frequencies (853 h'). In 2015,
Stephan and Fontaine described the transformation of CO,/H, into formyl, acetal,
and methoxy-derivatives mediated by the intramolecular B/N FLP 1-BMes»>-2-

NMes-C¢Hy**  More recently, Ozin and co-workers reported an elegant

9% A. E. Ashley, A. L. Thompson, D. O’Hare, Angew. Chem. Int. Ed., 2009, 48, 9839-9843.

9% A. Berkefeld, W. E. Piers, M. Parvez, J. Am. Chem. Soc., 2010, 132, 10660-10661.

% M.-A. Courtemanche, M.-A. Légaré, L. Maron, F.-G. Fontaine, J. Am. Chem. Soc., 2013, 135,
9326-9329.

% M.-A. Courtemanche, M.-A. Légaré, L. Maron, F.-G. Fontaine, J. Am. Chem. Soc., 2014, 136,
10708-10717.
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multidisciplinary work where the replacement of In*" in In.Os by Bi*" generated
Bixn,«Os materials. These materials comprise a surface FLP based on Bi**/O*

97,98

which is able to photocatalytically reduce CO- to methanol.

1.2.3. Activation of C-F bonds

Organic molecules that contain the electronegative element fluorine are

applied in different fields such as medical imaging,” pharmaceutical,'” materials

101 102

science'”! or agrochemicals.!”” The inclusion of fluorine in organic molecules has a
great impact on their physical properties such as significant changes in the
polarity, 1 acidity, '™ biological activity!® and thermal stability.” For these
reasons, new synthetic strategies towards functionalized organofluorine species are
of great interest to the scientific community. However, selective mono C-F
activations in ~CHF and especially in —CF5 substrates are particularly challenging
due mainly to two reasons. Firstly, the C—F single bonds are renowned for their
stability. Indeed, the C—F single bond is the strongest bond (130 kcal/mol)' among

the single bonds between any element and carbon. In addition, C—F bonds become

9% T. Yan, N. Li, L. Wang, W. Ran, P. N. Duchesne, L. Wan, N. T. Nguyen, L. Wang, M. Xia, G.
A. Ozin, Nat. Commun., 2020, 11, 6095.

% For a recent review, see: J. Wang, G. Zhang, J. Zhu, X. Zhang, F. Ding, A. Zhang, X. Guo, C.
Song, ACS Catal., 2021, 11, 1406-1423.

9S. M. Ametamey, M. Honer, P. A. Schubiger, Chem. Rev., 2008, 108, 1501-1516.

0 (a) M. Schlosser, Tetrahedron, 1978, 34, 3-17; (b) J. T. Welch, Tetrahedron, 1987, /3, 3123-
3197; (c) S. Purser, P. R. Moore, S. Swallow, V. Gouverneur, Chem. Soc. Rev., 2008, 37, 320-
330; (d) V. Gouverneur, Science, 2009, 325, 1630-1631; (e) T. Taguchi, H. Yanai, Ojima I (ed)
Fluorine in medicinal chemistry and chemical biology, 2009, Wiley, Chichester, 257-290.

0 (a) M. T. Mocella, J. Fluorine Chem., 2003, 122, 87-92; (b) K. K. S. Lau, S. K. Murthy, H. G.
Pryce Lewis, J. A. Caulfield, K. K. Gleason, J. Fluorine Chem., 2003, 122, 93-96; (c) W. R.
Dolbier Jr., W. F. Beach, .J. Fluorine Chem., 2003, 122, 97-104; (d) S. Ebnesajjad, Introduction
to Fluoropolymers: Materials, Technology and Applications, 2013, William Andrews: Orlando,
Chap. 1, 1.

102 (a) P. Jeschke, ChemBioChem, 2004, 5, 570-589; (b) C. Pesenti, F. Viani, ChemBioChem, 2004,
5, 590-613.

1% D. O’Hagan, Chem. Soc. Rev., 2008, 37, 308-319.

01 (a) A. Streitwieser Jr., F. Mares, J. Am. Chem. Soc., 1968, 90, 2444-2445; (b) F. G. Bordwell,
R. J. McCallum, W. N. Olmstead, J. Org. Chem., 1984, /9, 1424-1427; (c¢) F. G. Bordwell, D.
Algrim, N. R. Vanier, J. Org. Chem., 1977, /2, 1817-1819.

15 (a) J.-P. Bégué, D. Bonnet-Delpon, Bicorganic and Medicinal Chemistry of Fluorine, 2008, John
Wiley & Sons: Hoboken, NJ, 72-98; (b) J. Wang, M. Sdnchez-Roselld, J. L. Acena, C. del Pozo,
A. E. Sorochinsky, S. Fustero, V. A. Soloshonok, H. Liu, Chem. Rev., 2014, 114, 2432-2506.

16 D. M. Lemal, J. Org. Chem., 2004, 69, 1-11.
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considerably stronger and shorter as the number of fluorine atoms attached to
carbon increases. Thus, the C—F bond dissociation energy typically increases in the
order HsC-F (110 kcal/mol) < H,FC-F (120 kcal/mol) < HF>,C-F (128 kcal/mol)
< F3C-F (130 kcal/mol).! Secondly, a common problem in the activation of C—F
bonds is the over-reaction derived from the fact that mono- and difluoride
substrates are more reactive than trifluoro substrates and, as a result, multiple C—F
bonds are usually uncontrollably functionalized.?»” In other words, it is quite
difficult to stop the reaction after the first C—F bond activation in di- and trifluoride
substrates. For these reasons, the development of more efficient procedures for the

selective C—F bond activation in polyfluorocarbonated species is highly desirable.

In 2010, Alcarazo and co-workers reported the activation of an alkyl
monofluoride substrate by a carbon(0)-based FLP." Remarkably, the reaction of
one equivalent of 1-fluoropentane to a suspension of carbodiphosphorane 1.31 and
BCF, which affords product 1.32, takes place at -78 °C (Scheme 1.17), therefore
indicating the high reactivity of this particular FLP.

nCsHyF  PhsR o
PhSP\C/Pph3 + B(CeFs)y —— C—CsHyy + FB(CgFs)s
.C. toluene  pp,.p’
78 °C 3
1.31 1.32

Scheme 1.17. C-F activation reaction mediated by a carbon(0)-based FLP.

In a related effort, Caputo and Stephan described the activation of alkyl C—F
bonds employing the LA BCF in combination with sterically demanding phosphines
or silanes.!” Thus, the respective 1:1:1 dichloromethane solutions of BCF, tBusP,
and substrates 1.33 or 1.34 resulted in the rupture of the C—F bond leading to the
formation of the corresponding phosphonium fluoroborate salts (Scheme 1.18A).
Transformation of alkyl fluorides into the corresponding alkanes was also achieved

through the treatment of BCF/flouroalkanes with the FLP ionic salt

07 (a) C. Douvris, O. V. Ozerov, Science, 2008, 521, 1188-1190; (b) J. Terao, M. Nakamura, N.
Kambe, Chem. Commun., 2009, 6011-6013; (c) M. Janjetovic, A. M. Traff, T. Ankner, J.
Wettergren, G. Hilmersson, Chem. Commun., 2013, 49, 1826-1828; (d) G. B. Deacon, P. C.
Junk, D. Werner, Eur. J. Inorg. Chem., 2015, 1484-1489; (e) O. Papaianina, K. Y. Amsharov,
Chem. Commun., 2016, 52, 1505-1508; (f) T. Yamada, K. Saito, T. Akiyama, Adv. Synth. Catal.,
2016, 358, 62-66.

18C. B. Caputo, D. W. Stephan, Organometallics, 2012, 31, 27-30.
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tBusPH/HB(CgF5)s (Scheme 1.18B). Strikingly, the well-known fluorophilicity of
silanes can be also used to perform C—F bond activations even in a catalytic manner

(Scheme 1.18C).1%

A)
B(CeFs)s
RF — > [BusP-R|[FB(CsFs)
tBU3P
R= 2 c
IR N g
1.33 1.34
B
) i B(CeFs)s H . |BusPH]
R +
TN Tmugpn] 7 T T FB(CHFs)
[HB(CqFs)q
C)
0,
Rp 2Mol%B(CeFsls o, Et3Si-F
Et,SiH
R= 2 c:

RN e /’C\/\F
Scheme 1.18. Stoichiometric FLP-mediated C-F activations yielding A) phosphonium
fluoroborate salts and B) alkanes. C) Catalytic C—F activation affording the corresponding alkanes.

The more challenging selective monodefluorinations of di- and trifluoride
substrates are still very scarce and remained elusive to FLPs until Stephan and
co-workers reported the first selective mono-hydrodefluorination of aryl
polyfluoromethyl functionalities in 2017.'% Thus, PhCFs;, PhCF.H, and Ph.CF,
substrates were reacted with the intramolecular FLP 1.35, containing a
phosphorous donor and a silylium cation, to respectively afford PhCF.H, PhCH,F,
and PhoCHF after a Bronsted-base treatment of the corresponding phosphonium
salt intermediates (Scheme 1.19). Note that this reaction could be achieved neither
with an intermolecular FLP [EtsSi(tol)]*/P(CeF5):Ph nor with electron-rich

aromatic solvents due to competitive Friedel-Crafts side-reactions.

197, Mallov, A. J. Ruddy, H. Zhu, S. Grimme, D. W. Stephan, Chem. FEur. J., 2017, 23,
17692-17696.
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Scheme 1.19. Monoselective C—F bond activation in PhCF; mediated by FLP 1.35.

In 2018, Young and co-workers reported the selective, FLP-mediated, C-F
bond activation and subsequent Wittig functionalization of gem-difluoromethyl
substrates to generate monofluoroalkenes (Scheme 1.20A)."° Two years later, the
same group reported an elegant solution to carry out selective monosubstitutions
of C—F bonds in the more challenging trifluoride species at remarkably mild reaction
conditions using related FLPs (Scheme 1.20B).!"! This strategy was based on
selective monodefluorination and subsequent capture of the fluorocarbocationic
intermediates by the LB affording the corresponding cationic phosphonium and
pyridinium salts. The positive charge in these intermediates makes them less prone
to react with the LAs, therefore overcoming further C—F abstractions and allowing

nucleophiles to attack to produce different functionalized fluorine-containing

compounds.
A)
. F o o i. LIHMDS E
)<F P(o-tol)3/B(CGF5)3= )<P(0't0|)3 +FB(CeFs)s ii. benzaldehyde= _
R H R H R Ph
B) Ph._N.__Ph
| N
7 7
NTf
F F /B(CeFs)s F F ph INTE | Nucleophile F E
Ph (Nu)
F - N™™X —_— Nu
R Me3SiNTf, R | rt, 24h R
DCM, rt, 48h Ph N “ph

Scheme 1.20. FLP strategy to achieve selective monodefluorination over A) difluoro- and B)

trifluoro-substrates.

10D, Mandal, R. Gupta, R. D. Young, J. Am. Chem. Soc., 2018, 140, 10682-10686.

" (a) D. Mandal, R. Gupta, A. K. Jaiswal, R. D. Young, J. Am. Chem. Soc., 2020, 142, 5, 2572-
2578. See also: (b) R. Gupta, A. K. Jaiswal, D. Mandal, R. D. Young, Synlett, 2020, 31, 933-
937.
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The same group has recently shown that not only phosphorous and nitrogen
bases can be used as FLP partners but also sulfide species successfully enable a
similar monoselective C—F activation in difluoro substrates containing geminal and
distal C—F sites.!'? The substrate scope includes geminal difluoromethyl groups in
aromatic, heteroaromatic, oxide, sulfide and alkyl substituents. Importantly,
subsequent functionalization through Sx2 substitutions, photo-redox alkylations,
and Suzuki couplings allowed the access to a broad range of organofluoride
compounds, which illustrates the synthetic usefulness of this FLP-based

methodology.

1.2.4. FLPs as ligands in transition metal chemistry

The recent discovery that FLPs are able to act as ambiphilic ligands for
transition metals has opened new avenues in organometallic chemistry. According
to Bourissou,'® Fontaine,'* and Owen,'*> these types of ligands contain a donor
moiety in combination with an acceptor site that directly interacts with the
transition metals or with one of their surrounding ligands. Depending on the way
the LA moiety interacts with the transition metal fragment, four different modes

of coordination have been identified (Figure 1.6):

i. Mode 1: the donor site interacts with the transition metal, but the acceptor
functionality remains pendant.

ii. Mode 2: both the donor and the acceptor sites interact directly with the
transition metal.

iii. Mode 3: the donor site is directly attached to the transition metal and the
acceptor site abstracts a co-ligand from the transition metal.

iv. Mode 4: the donor site interacts with the transition metal and the acceptor
moiety interacts with one of its surrounding ligands that remains

coordinated to the metal.

12 R, Gupta, D. Mandal, A. K. Jaiswal, R. D. Young, Org. Lett., 2021, 23, 1915-1920.

13 G. Bouhadir, A. Amgoune, D. Bourissou, Adv. Organomet. Chem., 2010, 58, 1-107.

L4 T _G. Fontaine, J. Boudreau, M.-H. Thibault, Fur. J. Inorg. Chem., 2008, 35, 5439-5454.
15 G. R. Owen, Chem. Soc. Rev., 2012, /1, 3535-3546.
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Figure 1.6. Coordination modes of ambiphilic ligands to transition metal complexes.

Several reports have pointed out the strong impact of these ambiphilic ligands
on the reactivity of transition metal complexes. In most cases, the interaction of
the LA directly with the transition metal is responsible for a unique and enhanced
reactivity. For instance, Fontaine and Zargarian reported the first evidence of a
positive influence of an ambiphilic ligand on the catalytic activity of transition
metal complexes.!’® In this study, it is confirmed that intermediate 1.38, generated
by combining the nickel complex 1.36 and the bifunctional reagent 1.37, is able to
convert PhSiHs to cyclic oligomers (PhSiH), with a turnover frequency 50 times
faster than complex 1.36 alone. According to the authors, this remarkably positive
effect is due to the coordination of the PMe, donor to the Ni center allowing the
tethered AlMe, acceptor to interact with the Ni—Me moiety. The coordination mode
in intermediate 1.38 results in a significant acceleration of both the Si—H bond

activation and Si—Si bond-forming reactions (Scheme 1.21).

"6 F.-G. Fontaine, D. Zargarian, J. Am. Chem. Soc., 2004, 126, 8786-8794.
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Scheme 1.21. Ambiphilic ligand 1.37 enhances the Ni(IT)-catalyzed oligomerization of
PhSiH;.

In 2014, Slootweg, Uhl, and Bourissou reported the coordination, as
ambiphilic ligand, of the geminal FLP 1.39 to form the transition metal complexes
1.40, 1.41, and 1.42."'7 The coordination mode in 1.42 slightly differs from that
in complexes 1.40 and 1.41 due to an internal chloride abstraction by the LA from
the Au(I)-precursor (Scheme 1.22). Furthermore, the authors suggested that the
ambiphilic ligands may offer an alternative to the extended use of silver salts for
the activation of Au(I)—Cl precatalysts. For instance, complex 1.42, bearing FLP
1.39 as ligand, was employed to efficiently catalyze (2 mol%) the cycloisomerization
of different propargylamides at room temperature. Note that such transformation
is typically mediated by the active catalyst [PhsP—Au]" prepared after chloride
abstraction from PhsP—Au—Cl with the silver salt AgNTf,.

"7 M. Devillard, E. Nicolas, C. Appelt, J. Backs, S. Mallet-Ladeira, G. Bouhadir, J. C. Slootweg,
W. Uhl, D. Bourissou, Chem. Commun., 2014, 50, 14805-14808.
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Scheme 1.22. Transition metal complexes bearing an Al/P-based FLP as ambiphilic ligand.

Also in 2014, Figueroa and co-workers reported the platinum complex 1.43,
containing a N/B FLP ligand, which exhibits a significant Pt—B interaction.'™
Complex 1.43 is able to exploit this interaction to undergo a rich reactivity towards
small molecule activations at room temperature (Scheme 1.23). Interestingly, the
free N/B ligand (FNBL) present in complex 41.3 reacts as a FLP activating H, or
H,O.'"* However, the activation of H, by FNBL is conceptually different from that
promoted by complex 1.43. In the former reaction, after an initial Hs activation
step, the reduction of the imine group is then achieved. At variance, a 1,2-addition

of Hsacross the Pt—B interaction is observed in the latter case.

gyz
HO™ \n c C \
r—N=C—Pt—N_ Ar—N=C— Pt—N
Ar |
H H
H,O
Ph—=——H
C Cys
M By2 Cy.B H—
e , '

? m MeOH Ar—N=C—Pt IN e ! m
- — —_—
—N=C—Pt—N_ “Ar Ar—N=C—Pt—N_
| “Ar 1.43 Y Ar

H

Ar = 2,6-[2,6-(iPr),CgH3]>-CeH3

Scheme 1.23. Small molecule activation reactions mediated by complex 1.43.

18 B, R. Barnett, C. E. Moore, A. L. Rheingold, J. S. Figueroa, J. Am. Chem. Soc., 2014, 136,
10262-10265.
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The rich and synthetically useful chemistry of gold(I)-complexes has also
benefited from FLPs as ambiphilic ligands. ' For instance, Bourissou and
co-workers described new gold(I)-complexes containing FLPs ligands exhibiting a
significant interaction between the transition metal and the LA moiety (Au-B
distance of 2.90 A and 2.66 A, for 1.44 and 1.45, respectively) (see, Figure 1.7A).12
Similarly, Erker and co-workers reported the Au(I) complexes 1.46, 1.47, 1.48 and
1.49, all of them featuring a P/B-based FLP as ambiphilic ligand and showing a

121

significant Au(I)-B interaction (Figure 1.7B)

A) B)
! MesSi H H SiMe3
MeS2P B(C F) MeSZP /B(C6F5)2
iPr,P. BCy, iPr,P B \ o A
N\ \ 7 Au Au
AU Au/ \ \
\ \ X X
cl cl
1.46: X=Cl| 1.48: X=C|
1.44 1.45 1.47: X=NTf, 1.49: X=NTf,

Figure 1.7. Au(I) complexes featuring a FLP as ambiphilic ligands reported by A) Bourissou and

co-workers and B) Erker and co-workers.

Such metal-acid interaction has a remarkable influence on the reactivity of
these complexes. For instance, complex 1.47 was confirmed to enhance the alkyne
hydroamination reactivity as compared to analogous Au(I) complexes lacking the
FLP ligand. Thus, catalytic hydroamination of alkynes 1.50a-f with p-toluidine
proceeds smoothly at 40 °C affording imines 1.51a-f in yields around ca. 90%
(Scheme 1.24). Although the LA moiety in these complexes is suggested to enhance

21 yery little is known about the actual role

the electrophilicity of the Au(I)-center,
of the ambiphilic FLP ligand in both the electronic properties and reactivity of

these complexes.

19 For selected reviews, see: (a) A. Firstner, P. W. Davies, Angew. Chem. Int. Ed., 2007, 406,
3410-3449; (b) A. S. K. Hashmi, Chem. Rev., 2007, 107, 3180-3211; (c) A. Arcadi, Chem. Reu.,
2008, 108, 3266-3325. (d) R. Dorel, A. M. Echavarren, Chem. Rev., 2015, 115, 9028-9072.

120§, Bontemps, G. Bouhadir, K. Miqueu, D. Bourissou, J. Am. Chem. Soc., 2006, 128, 12056-
12057.

2L A, Ueno, K. Watanabe, C. G. Daniliuc, G. Kehr, G. Erker, Chem. Commun., 2019, 55,

4367-4370.
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Scheme 1.24. Au(I)-catalyzed hydroamination of terminal alkynes.

1.3. Mechanisms of small molecule activations mediated by
FLPs

The rich and genuine reactivity of FLPs has motivated a great number of
studies focused on understanding the cooperative mode of action of the FLP
antagonists. In this regard, Papai and co-workers reported the first mechanistic
study on the heterolytic splitting of H, by FLPs in 2008.2? Specifically, the reaction
between {BusP/BCF and H. was explored by means of Density Functional Theory
(DFT) and ab initio calculations. The formation of a pre-associated LA-LB species,
known as “encounter complex”, constitutes the initial step of the process. This
intermediate, also called “frustrated complex”, is a weakly bonded species where
the LA and LB interact by means of weak non-covalent interactions, mainly
C—H---F hydrogen bonds, and dispersion forces. As a consequence, H> molecules are
able to easily reach the P--B axis and interact with both Lewis functionalities
leading to the weakening and successive cleavage of the strong H-H bond. Indeed,
a nearly linear transition state (TS) geometry (P--H--H--B) associated with a
concerted heterolytic Hs cleavage was located on the potential energy surface. In
such TS, the H-H bond was only slightly elongated suggesting an early TS (Figure
1.8A). According to the computed electron densities and populations, it was found
that Hs becomes polarized in the TS and that a notable amount of electron density
is shifted in the tBusP — BCF direction (Figure 1.8B). Note that the donor and
the acceptor sites of the FLP act synergistically and simultaneously to transfer
electron density in a push-pull mode from the phosphine to the antibonding (c*)
molecular orbital of H, and to accept electron density in the empty p atomic orbital

of the boron from the bonding (o) molecular orbital of H,. In this case, such electron

2T, A. Rokob, A. Hamza, A. Stirling, T. Séos and 1. Pépai, Angew. Chem. Int. Ed., 2008, 47,
2435-2438.

-35-



Understanding the reactivity of Frustrated Lewis Pairs

density transfers can be expressed as LP(P) — 6*(H:) and o(H2) — p(B). The term
electron transfer (ET) model (schematically shown in Figure 1.9) was coined by
the authors to represent this cooperative mode of action between the FLP
congeners. This model was also successfully applied to rationalize the reactivity of

related FLP systems'* and other activation reactions.'*

B)

Q(PR,) = +0.17 Q(BR,) =-0.22

Figure 1.8. A) Optimized geometry (B3LYP/6-31G(d) level) of the transition state associated with
the H, activation reaction mediated by tBusP/BCF reported by Pépai and co-workers (bond
distances are given in angstroms). B) Computed charges in the TS where an appreciable polarization

of the Hy, molecule is observed.

QLB H—H
Q4 OO
-

Figure 1.9. Schematic depiction of the ET reactivity model for the H, activation reaction mediated

by FLPs proposed by Péapai.

One year after, the ET model was reinforced by a new theoretical study on
the heterolytic dihydrogen cleavage mediated by the above-commented {BusP /BCF
FLP." From the reported results, the authors concluded that the HOMO and the

123 (a) D. Holschumacher, T. Bannenberg, C. G. Hrib, P. G. Jones, M. Tamm, Angew. Chem. Int.
Ed., 2008, 47, 7428-7432; (b) Y. Guo, S. Li, Inorg. Chem., 2008, 47, 6212-6219.

121 (a) A. Stirling, A. Hamza, T. A. Rokob, I. Papai, Chem. Commun., 2008, 3148-3150; (b) Y.
Guo, S. Li, Eur. J. Inorg. Chem., 2008, 2501-2505; (c) T. A. Rokob, A. Hamza, A. Stirling, I.
Papai, J. Am. Chem. Soc., 2009, 151, 2029-2036.

12 A. Hamza, A. Stirling, T. A. Rokob and I. Pépai, Int. J. Quantum Chem., 2009, 109, 2416-2425.
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LUMO of the initial [(tBu)sP]--[BCF] frustrated complex are located on the sp’
hybrid lone pair of the phosphorous atom and the empty p boron atomic orbital of
the borane, respectively. In addition, these orbitals are practically identical to the
respective. HOMO/LUMO in the isolated phosphine/borane (the orbital energy
changes are -0.009 a.u. and +0.007 a.u., respectively). However, the classical
acid-base adduct is not formed due to an inefficient overlap of these orbitals caused
by the bulky substituents directly attached to the Lewis centers. According to the
authors, the formation of the above-mentioned frustrated complex not only brings
the Lewis sites in close proximity but also implies a remarkable preorganization of
the HOMO and the LUMO of the Lewis pair to form a “reactive pocket” which is

key to the observed reactivity.

Almost simultaneously, the same group reported a different approach to study
the H, activation mediated by FLPs based on reaction free energy calculations.!?
In this work, a novel energy partitioning scheme that involves quantitative
measures of the acidity and basicity of the reacting Lewis sites was introduced. In
this partitioning scheme, the reaction free energy is decomposed into five
hypothetical yet chemically meaningful terms (Scheme 1.25). The first term, AGhu,
is associated with the heterolytic splitting of dihydrogen, which has a free energy
of +128.8 kcal/mol in toluene. Note that AGuu only depends on the H-H bond
strength and therefore is identical for all the FLP systems. The second term, AGyyep,
quantifies the energy required to dissociate the classical acid-base adduct in those
cases where the LA-LB dative bond is formed, i.e. when there is no frustration. If
such dative bond is precluded, this term is zero. The next two terms, AG,, and
AGy, are the reaction free energies associated with the proton and hydride
attachments to the donor and acceptors functionalities of the FLP, respectively.
Therefore, these terms are related to the relative Lewis acidity /basicity strengths.
The last term, AGian, quantifies the binding free energy of the resulting ion pair
once the dihydrogen molecule has been split forming the corresponding zwitterionic

species.

26T, A. Rokob, A. Hamza, 1. Pépai, J. Am. Chem. Soc., 2009, 131, 10701-10710.
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Scheme 1.25. Free energy partitioning scheme proposed by the Papai group.

Within this partitioning scheme, the reactivity of FLPs towards H, can be
rationalized in terms of thermodynamic energies. To achieve the H, splitting, the
high energetic cost of the heterolytic H-H bond cleavage should be compensated
by the acidity, basicity, and product stabilization. All these factors can be tuned
by modifying the electronic properties of the substituents and/or the nature of the
acid-basic atoms in the FLP systems. Finally, it was observed that nonlinked (i.e.
intermolecular) FLPs suffer a more pronounced entropy penalty in comparison with
linked (7.e. intramolecular) systems, which makes them less prone to activate
dihydrogen. Consequently, higher acid/base strength and ion pair stabilization

must compensate for this entropy drawback.

In 2010, Grimme, Erker, and co-workers reinvestigated the reactivity of
127

tBusP /B(CeFs)s towards H, and proposed a conceptually different mechanism.

This new reactivity model was based on the polarization of H, induced by the

127§, Grimme, H. Kruse, L. Goerigk, G. Erker, Angew. Chem. Int. Ed., 2010, /9, 1402-1405.
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electric field that is generated inside the cavity formed by the FLP (see Figure
1.10). This electric field (EF) model is based on the well-known influence of external

electric fields on redox processes and other chemical transformations.'*

Prepared Lewis pair — %

R;P BRj

Barrierless TS

\ ® S
\\ R3PH ____HBR3
\

\ Products

Figure 1.10. Schematic representation of the electric field model proposed by Grimme.

According to this model, it is proposed that once the H, molecule has entered
in the FLP cavity, the H-H dissociation occurs in an essentially barrierless process.
Therefore, the initial entrance of H, into the FLP cavity is the key step of the
reaction, i.e. responsible for the activation barrier. Two important aspects of this
model should be highlighted. Firstly, the secondary (non-covalent) interactions
between the bulky substituents play a crucial role not only to form the “encounter
complex” but also to make the FLP flexible enough to facilitate the entrance of the
incoming dihydrogen molecule. The occurrence of such pre-associated complex, also
proposed by Péapai (see above), was confirmed experimentally by employing NMR

techniques in a milestone study by Rocchigiani and co-workers.'® Consequently,

% (a) 1. Rozas, 1. Alkorta, J. Elguero, Chem. Phys. Lett., 1997, 275, 423-428; (b) G. Pacchioni, J.
R. Lomas, F. lllas, J. Mol. Catal. A: Chem., 1997, 119, 263-273; (c¢) A. Warshel, J. Biol. Chem.,
1998, 273, 27035-27038; (d) S. Shaik, S. P. de Visser, D. Kumar, J. Am. Chem. Soc., 2004, 126,
11746-11749; (e) R. Meir, H. Chen, W. Lai, S. Shaik, ChemPhysChem, 2010, 11, 301-310; (f) M.
R. Hennefarth, A. N. Alexandrova, J. Phys. Chem. A, 2021, 125, 1289-1298.

129 .. Rocchigiani, G. Ciancaleoni, C. Zuccaccia, A. Macchioni, J. Am. Chem. Soc., 2014, 136,
112-115.
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computational studies must describe properly the dispersion interactions to
correctly characterize the interior of these chemical systems. Secondly, there is no
need to involve specific FLP/H, orbitals to understand the activation mechanism.
Indeed, it is proposed that FLP as molecular systems can be entirely neglected and

replaced by a homogenous electric field.

In 2012, Camaioni and co-workers carried out a computational study on the
H, dissociation promoted by simple Lewis pairs (NH; + BX3, X= H, F, Cl)."*" Even
though the authors pointed out that these systems form classical acid-base adducts,
the detailed analysis of the electronic structure and the interaction energies allowed
them to explore the potential energy surface from a theoretical point of view.
Aiming at assessing the relevance of the ET model reported by Papai and the EF
model proposed by Grimme, the electric field created by the acid/base pairs as well
as the relative contributions of electrostatic, dispersion, and charge transfer
components to the interaction energy in the respective TS were analyzed. It was
concluded that the electric field induced by the Lewis pairs plays a role in polarizing
the Hs molecule, albeit its contribution to the overall interaction energy is small
compared to that coming from the orbital overlaps at the TS. Consequently, the
electric field by itself seems not sufficient to cleave the strong H-H bond. In
addition, it was found that structural reorganization of the precursor complex is
key in the activation process and charge-transfer interactions are the dominant

stabilizing factor in the TS region.

Even though both the ET and the EF models suggest that the facile
heterolytic activation reaction of H, takes place via reactive intermediates with
preorganized acid/base functionalities, they strongly differ in the mode of action of
the active centers. In 2013, several compelling arguments to support the ET model
were reported by the Papai group.’ Firstly, the ET model strongly resembles the

H, activation processes mediated by other systems described previously, such as

0 D. M. Camaioni, B. Ginovska-Pangovska, G. K. Schenter, S. M. Kathmann, T. Autrey, J. Phys.
Chem. A, 2012, 116, 7228-723T7.
BLT. A. Rokob, I. Bakd, A. Stirling, A. Hamza, 1. Papai, J. Am. Chem. Soc., 2013, 135, 4425-4437.
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132 133 134

transition metal complexes,' carbenes'” related low-valent species,”* and multiply

bonded heavier main group species.’ Secondly, through a computational analysis
of the H, activation reaction employing six different FLPs, it was found that
although their reactivity was quite similar, they exhibited rather different electric

fields.

Similar conclusions have been reported by our research group when exploring
the H, activation reaction mediated by geminal aminoborane R,N-CH»-BR’,
FLPs.5 A detailed analysis of the physical factors controlling these transformations
was carried out employing the activation strain model (ASM) of reactivity in
combination with the energy decomposition analysis-Natural Orbital for Chemical
Valence method (EDA-NOCV). These methods will be described in detail in
sections 1.4 and 1.5 of this introduction. The results from this study pointed to a
highly orbital-controlled mechanism (see, Figure 1.11) in agreement with the ET
model by Pépai. However, the key LP(base) —» o*(H:) and o(H)) — p(B)
interactions do not occur simultaneously as proposed by Papai but at different
stages of the reaction coordinate, with the electron density flow 6(Hs) — p(B) being
the most emphasized at the beginning of the process and responsible for the early
destabilization and polarization of the o(Hs)-bond (Figure 1.11). In addition, the
EDA-NOCYV methodology suggested that although the orbital interactions between
the reactants become the main factor controlling the reactivity of FLPs, the
contribution of the electrostatic attractions in the process is far from being

negligible.

2 G. J. Kubas, Chem. Rev., 2007, 107, 4152-4205.

3 G. D. Frey, V. Lavallo, B. Donnadieu, W. W. Schoeller, G. Bertrand, Science, 2007, 316,
439-441.

% (a) Y. Peng, B. D. Ellis, X. Wang, P. P. Power, J. Am. Chem. Soc., 2008, 130, 12268-12269;
(b) Y. Peng, J.-D. Guo, B. D. Ellis, Z. Zhu, J. C. Fettinger, S. Nagase, P. P. Power, J. Am.
Chem. Soc., 2009, 131, 16272-16282; (c¢) A. V. Protchenko, K. H. Birjkumar, D. Dange, A. D.
Schwarz, D. Vidovic, C. Jones, N. Kaltsoyannis, P. Mountford, S. Aldridge, J. Am. Chem. Soc.,
2012, 134, 6500-6503.

% (a) G. H. Spikes, J. C. Fettinger, P. P. Power, J. Am. Chem. Soc., 2005, 127, 12232-12233; (b)
Y. Peng, M. Brynda, B. D. Ellis, J. C. Fettinger, E. Rivard, P. P. Power, Chem. Commun.,
2008, 6042-6044; (c) L. Zhao, F. Huang, G. Lu, Z.-X. Wang, P. v. R. Schleyer, J. Am. Chem.
Soc., 2012, 134, 8856-8868.

6 D. Yepes, P. Jaque, 1. Ferndndez, Chem. Eur. J., 2016, 22, 18801-18809.
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reactant complex midpoint TS

Figure 1.11. Contour plots of NOCV deformation densities for the main orbital interaction between
H; and geminal aminoborane-based FLPs. Electron density flows from red to blue.

According to these studies, the ET model seems to be more appropriate to
rationalize the reactivity of FLPs. However, the EF model suggested by Grimme
(or at least, the part related to the electrostatic contribution) cannot be completely
neglected. Therefore, as suggested by several authors,* " a clear differentiation
between pure ET and EF mechanisms for active FLPs is not possible and is more
reasonable to consider that both processes occur simultaneously during the H,

activation reaction.

Both the ET and EF mechanisms involve the occurrence of closed-shell
intermediates. However, the involvement of radical species is also possible in the
chemistry of FLPs. Piers and co-workers envisioned that the archetypal tBusP/BCF
FLP may homolytically cleave dihydrogen after initial oxidation of the phosphine
by BCF leading to a Frustrated Radical ion Pair (FRP) (Figure 1.12).1* However,
such a proposition was initially ruled out due to two reasons: (i) the high ionization
energy of the phosphine; indeed, as pointed out by Piers, the disparity in the
reduction potential of BCF (1.17 V vs Cp.Fe”* in THF )* and the oxidation
potential of tBusP (0.90V vs Cp.Fe”* in acetonitrile)'*” indicates that any possible

formation of the FRP is expected to be limited to sub-nanomolar concentrations;

¥ (a) G. Kara, F. De Vleeschouwer, P. Geerlings, F. De Proft, B. Pinter, Sci. Rep., 2017, 7,
16024-16038.

B8 W. E. Piers, A. J. V. Marwitz, L. G. Mercier, Inorg. Chem., 2011, 50, 12252-12262.

39S, A. Cummings, M. limura, C. J. Harlan, R. J. Kwaan, I. V. Trieu, J. R. Norton, B. M.
Bridgewater, F. Jikle, A. Sundararaman, M. Tilset, Organometallics, 2006, 25, 1565-1568.

10 E. R. M. Habraken, N. P. van Leest, P. Hooijschuur, B. de Bruin, A. W. Ehlers, M. Lutz, J. C.
Slootweg, Angew. Chem. Int. Ed., 2018, 57, 11929-11933.
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(ii) BCF acting as a one-electron oxidant had only been reported in reactions

involving transition metal complexes'*! but not with metal-free organic molecules.

Q .~ . 9P

OOLBQ X— Y COLLD

O Heterolytic cleavage O

Substrate X-Y 2e polar pathway

Q0 | Q. .9

LBQ O LD O.LB—X Y—LA:

% )\ o

Frustrated Lewis pair (FLP)

Homolytic cleaveage
1e radical pathway

Single electron transfer Q ‘@ Q Q

(SET) O LB Substrate X-Y

|_ Frustrated radical pair (FRP)_]

Figure 1.12. Proposed reaction pathways for the small molecule (X—Y) activation mediated by
FLPs. Top: representation of the 2e polar pathway leading to the heterolytic cleavage of the
substrate. Bottom: depiction of le radical pathway featuring a single electron transfer which
generates the transient frustrated radical pair and subsequent homolytic splitting of X—Y.

Despite that, in 2013, Wang and co-workers demonstrated the first example
of one-electron oxidation of an organic molecule by BCF.*? In this work, the
equimolar combination of the triarylamine 1.52 and BCF led to the planar radical
cation 1.53 (Scheme 1.26). A single electron transfer (SET) mechanism was
supported by electron paramagnetic resonance (EPR), which confirmed the
formation of the radical cation 1.53 but not of the radical anion [B(CgFs)s] ™

According to the authors, the absence of an EPR signal corresponding to the latter

" For selected examples, see: (a) C. J. Harlan, T. Hascall, E. Fujita, J. R. Norton, J. Am. Chem.
Soc., 1999, 121, 7274-7275; (b) C. J. Beddows, A. D. Burrows, N. Connelly, M. Green, J. M.
Lynam, T. J. Paget, Organometallics, 2001, 20, 231-233

12 X Zheng, X. Wang, Y. Qiu, Y. Li, C. Zhou, Y. Sui, Y. Li, J. Ma, X. Wang, J. Am. Chem. Soc.,
2013, 135, 14912-14915.
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species may be attributed to the known rapid degradation at room temperature of
such species.'* These data prompted questions about the viability of SET reactions
within the FLP field.

98 o D

+  B(CgF5)3 —— +  B(CgFs)3

O O not detected

1.52 1.53

Scheme 1.26. Single electron transfer between the triarylamine 1.52 and BCF.

Indeed, in the same year, Stephan and co-workers reported the reaction
between the FLP RsP/Al(CeF5)s (R= Mes or tBu) with nitrous oxide (N.O)."* A
conventional FLP-type activation was achieved affording the zwitterionic product
1.54 (Scheme 1.27A). Strikingly, this product further reacts with a second
equivalent of the alane, releasing N, and leading to the formation of the highly
reactive FRP 1.55, which is able to undergo alkyl and aryl C—H bond activations
from both the solvent (toluene) or the phosphine (Scheme 1.27B). When MessP was
used as a LB, product 1.56 was formed via hydrogen atom abstraction (HAT) from
the solvent, and evidence for the formation of the radical cation [MessP]*" was
provided by EPR, UV-vis spectroscopy and X-ray diffraction. Similarly, species
1.57, resulting from a HAT from the t{BusP phosphine to the Al,-oxyl radical, could
be characterized by X-ray crystallography.

3 For studies on the stability of such radical species, see: (a) R. J. Kwaan, C. J. Harlan, J. R.
Norton, Organometallics, 2001, 20, 3818-3820; (b) E. J. Lawrence, V. S. Oganesyan, G. G.
Wildgoose, A. E. Ashley, Dalton Trans., 2013, 42, 782-789; (c¢) J. Chen, E. Y.-X. Chen, Dalton
Trans., 2016, 45, 6105-6110.

U4 G. Ménard, J. A. Hatnean, H. J. Cowley, A. J. Lough, J. M. Rawson, D. W. Stephan, J. Am.
Chem. Soc., 2013, 135, 6446-6449.
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A)
N20 @ N\\ ,O @
R3P + Al(C6F5)3 —_— R3P’ N \Al(CGF5)3
R= Mes, tBu 1.54
B) . Al(CeFs)s
HAT RsP ~+ HOO
Al(CeFs)
R = Mes 6r5)3
Al(CgFs5) I
® N. 0© Al(CgFs)3 @, , V653 toluene
R3P™ N7 AI(CgF5)3 RsP O\f?. | 1.56
N2 (CoFs)3 T Me
1.54 HAT | ® ,AI(CGF5)3
FRP 1.55 L — » |tBu,P + HO\@
R=Bu Al(CeFs)

1.57

Scheme 1.27. A) Reactivity of R;P/Al-based FLP (R = Mes or {Bu) with 1 equivalent of N>O.
B) Reaction between product 1.54 with a second equivalent of Al(CgF5); generating FRP 1.55
via liberation of N, and subsequent hydrogen atom transfer (HAT).

In 2017, the Stephan group also reported the observation of radical
intermediates in the archetypal FLPs MessP/E(C¢F5)s (E = B or Al)."* Although
the MessP/B(CgF5)s system displayed a weak EPR signal, the MessP/Al(CgF5)s
system considerably increased the EPR signal making possible the unambiguous
characterization of the phosphine radical cation [PMes;|**, thus supporting a SET
process. Once again, the corresponding EPR signals for the radical anions
[B(CsF5)s]*~ or [AL(CsF5)s]*~ could not be detected due to the rapid degradation of
these species. Moreover, whereas the reaction of {BusP/B(CgF5)s with PhsSnH led
to the formation of [tBusP—SnPhs][HB(CeF5)s], which is the expected product for a
heterolytic cleavage of the Sn—H bond (Scheme 1.28A), the analogous process
involving the MessP/B(CeF;)s system resulted in the generation of
[MessPH|[HB(CgF5)s] and PhsSn—SnPhs, which are products consistent with a
radical abstraction of H* from the tin reactant (Scheme 1.28B). The observed
divergent reactivity between the FLP based on tBusP and MessP was proposed to
derive from a change in the reaction pathway (heterolytic vs homolytic). Similar
results were found in the reaction between the FLPs RsP/E(CeF;)s (R = tBu, Mes;
E = B or Al) and tetrachloro-1,4-benzoquinone (TCQ).'*> Thus, as shown in Scheme
1.28C, in the process involving MessP, the radical cationic intermediate [MessP]**
was identified, supporting once again that the reaction proceeds via a SET process.

In contrast, no traces of radicals were detected when using tBusas the basic partner.

5 L. Liu, L. L. Cao, Y. Shao, G. Menard, D. W. Stephan, Chem, 2017, 3, 259-267.
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A)
Ph;SnH ® S
BuP + B(CoFsly ———= [tBusP—SnPhs| [HB(CoFo)s]

B)
®
MessP + B(CeFg); -2PneSnH,_ | Mes;PH] [HB(CoFs)a| + PhaSn—SnPh,
C) @ Cl Cl
2 MeszP + 2 B(CgFg5)3 ————— LP\els)3
(CeFs) B’O °
6" 5)3
© ¢’

Scheme 1.28. A) Reaction between {BusP/BCF and Ph3SnH leading to the expected product after
a heterolytic cleavage. B) Reaction between Mes;P/BCF and PhsSnH generates different products,
which have been proposed to be the result of a homolytic reaction pathway. C) Reactivity of
Mes;P/BCF with TCQ allows the detection of radical species supporting a SET process.

Melen and co-workers recently described the C—C cross-coupling reaction
between diaryl esters and styrene mediated by the MessP/B(CeF;)s FLP (Scheme
1.29).16 Similar to the previously commented work from the Stephan group, the
cationic radical [PMess|** was observed by EPR spectroscopy and a mechanism

based on a SET pathway was proposed.

o) R*

R2
o Mes;P/B(CeFs);

1
R R3 THF, 70 °C Rs

R4
o R?

Scheme 1.29. Reaction of the Mes;P/B(CgF5); FLP with diarylesters leading to the formation of
highly functionalized styrenes.

Also, Ooi and co-workers have reported the C—C coupling reaction between
methylvinylketone and N, N-dialkylaniline Lewis base 1.58 using catalytic amounts
of BCF (scheme 1.30).1" In this case, the irradiation led to the formation of the
transient FRP 1.59 via a photo-induced SET mechanism.

U6 Y Soltani, A. Dasgupta, T. A. Gazis, D. M. C. Ould, E. Richards, B. Slater, K. Stefkova, V. Y.
Vladimirov, L. C. Wilkins, D. Wilcox, R. L. Melen, Cell Rep. Phys. Chem., 2020, 1, 10016-10024.
7Y, Aramaki, N. Imaizumi, M. Hotta, J. Kumagai, T. Ooi, Chem. Sci., 2020, 11, 4305-4311.
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N O O o \N
405 nm LED N B(CgFs)3 /\/\W

cat. B(CgFs)s \)J\ o

Br Br Br

1.58 FRP 1.59

Scheme 1.30. C-C coupling between amine 1.58 and methylvinylketone via photo-induced
SET to generate FRP 1.59.

The above-commented reports from Stephan, Melen and Ooi arise several
questions that should be addressed in order to rationally design more reactive FRPs
from the corresponding LLA/LB combinations. For example, why are the reaction
pathways of strongly related systems (tBusP/BCF vs MessP/BCF) so different?
Why are radical anions for BCF and ACF not detected by EPR spectroscopy? Is
it due to their short lifetime or because they are not really involved in a SET
process? Is light always required to promote SET from a FLP or is it only necessary

in specific reactions such as those reported by Ooi and co-workers?

Recent investigations by Slootweg and co-workers shed some light on these
questions. In an initial study, they explored the ionization energies and electron
affinities of the LB and LA for the {BusP/BCF and MessP/BCF FLPs.'* It was
found that the computed energy gap to generate the respective FRP is too large to
be reached in a thermal process. Instead, they proposed a light-induced SET
affording the respective FRPs. Indeed, when a frozen toluene solution (at 30 K) of
MessP/BCF prepared in the dark was irradiated with visible light (390-500 nm),
both radical species [MessP]** and [B(C¢F5)s] -~ were detected by EPR spectroscopy.
Furthermore, by means of transient absorption spectroscopy, a lifetime of 237 ps
at room temperature was estimated for the photogenerated FRP. Strikingly, EPR
signals for [tBusP]** and [B(CeFs)s]*~ were also detected using the same
methodology. Despite that, after irradiation, these EPR signals decay much faster
than those involved in the MessP/BCF FLP. In addition, a much shorter lifetime
of 6 ps was estimated for the corresponding FRP. This fact could be responsible for

the lack of radical reactivity reported for this system.

18 . Holtrop, A. R. Jupp, N. P. van Leest, M. P. Dominguez, R. M. Williams, A. M. Brouwer, B.
de Bruin, A. W. Ehlers, J. C. Slootweg, Chem. Eur. J., 2020, 26, 9005-9011.
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The finding that FRP formation from these FLPs proceeds via a visible-light-
induced SET prompted a subsequent study where the previously reported reactions
of FLPs with different substrates were investigated with and without irradiation.'*
For instance, the reaction between the MessP/BCF FLP with H; was considered.
The authors reasoned that if the FRP formation is a relevant factor in the
dihydrogen activation reaction, then a noticeable change in the reaction rate should
be observed by performing the reaction in the dark or with visible light. However,
nearly identical conversion rates after 2.5 and 4 hours were found. This result
allowed the authors to conclude that the FRP concentration is too low and/or its
lifetime is too short to significantly affect the reaction rate. Therefore, the
dihydrogen activation reaction mediated by MessP/BCF does not seem to proceed

via a significant contribution of a radical pathway, and instead, the two-electron

(i.e. heterolytic splitting) mechanism seems preferred.

The reaction between RsP/BCF (R = Mes or {Bus) and PhsSnH (see above,
Scheme 1.28A and 1.28B) was also explored. It was found that this transformation
is again not light-dependent and FRPs are not responsible for the observed
reactivity. This is in contrast with the explanation given by Stephan involving a
change in the reaction mechanism (from homolytic to heterolytic) to rationalize the
formation of the different reaction products ([MessPH][HB(C¢F5)s] and PhsSnSnPhs
vs [tBusPSnPhs|[HB(CeF5)s], see above). However, Slootweg and co-workers realized
that once [(BusPSnPhs][HB(CeF5)s]) is formed, the reaction continues to finally
afford [tBusPH|[HB(CsF5)s] and PhsSnSnPhs. Consequently, the authors proposed
that for both phosphines (tBusP and MessP), a polar, heterolytic cleavage of the
Sn—H bond derived from the nucleophilic attack of the phosphine to the tin center
is still valid. Consistent with this, Caputo and co-workers have recently
demonstrated that the dehydrocoupling of PhsSnH to PhsSnSnPhs mediated by an
aminoborane intramolecular FLP proceeds in a heterolytic fashion and that the

possible radical pathways were notably higher in energy.'

Finally, the reaction between the FLP MessP/BCF and tetrachloro-1,4-
benzoquinone (TCQ) (see above, Scheme 1.28C) was also investigated. In this case,

the reaction in the dark proceeds rapidly and an EPR signal ambiguously assigned

19 F. Holtrop, A. R. Jupp, B. J. Kooij, N. P. van Leest, B. de Bruin, J. C. Slootweg, Angew. Chem.
Int. Ed., 2020, 59, 22210-22216.
150 J. N. Bentley, E. Pradhan, T. Zeng, C. B. Caputo, Dalton Trans., 2020, /9, 16054-16058.
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to [MessP]* " was detected. This finding immediately arises the question of how
radicals can be formed in the dark where a photo-induced process is not possible.
The authors reasoned that a strong electron acceptor is required to oxidize the
Mes;P, but neither BCF nor TCQ are appropriated for such a task. However, it
was found that BCF can coordinate to one of the carbonyl groups of TCQ affording
the TCQ - BCF Lewis adduct, which has an increased electron affinity and therefore
should be capable of oxidizing the phosphine yielding the radical species [MessP]**
and [TCQ-BCF]'~. Indeed, a second molecule of BCF coordinates the other
carbonyl group present in TCQ, thus promoting the oxidation of a second
equivalent of the phosphine. Note that interactions between Lewis acid and
carbonyl groups are known to promote SET processes.'” Furthermore, the authors
proposed that in the systems previously reported by Melen and Ooi (see above,
Schemes 1.29 and 1.30), which also feature carbonyl groups, the observed SET

processes could be facilitated by the same type of carbonyl-BCF interactions.

In summary, recent reports have shown that SET processes generating radical
ion pairs could play an important role within the FLP chemistry. Although the
RsP/BCF FLP systems can form high-energy radical ion pairs via photo-induced
SET, recent studies have proven that this mechanism is not predominant in the
reaction with H, or PhsSnH. A two-electron, polar, heterolytic mechanism takes
place in these reactions instead. Finally, it has been proposed that the reaction of
RsP/BCF systems with substrates bearing carbonyl groups is not the result of a
SET from the phosphines to the Lewis acid. Instead, BCF binds the carbonyl
oxygen atom of the substrate which results in a significant increase of its electron
affinity. It is exciting to think that perhaps in the future radical processes in the
FLP chemistry will facilitate the activations of very stable substrates such as N, or

CH,, that remain elusive so far.

P (a) J. Du, K. L. Skubi, D. M. Schultz, T. P. Yoon, Science, 2014, 344, 392-396; (b) T. P. Yoon,
Acc. Chem. Res., 2016, 49, 2307-2315; (¢) K. N. Lee, M.-Y. Ngai, Chem. Commun., 2017, 53,
13093-13112; (d) E. Speckmeier, P. J. W. Fuchs, K. Zeitler, Chem. Sci., 2018, 9, 7096-7103.
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1.4. Activation Strain model (ASM) of reactivity

Modern chemistry requires not only new synthetic procedures but also
theoretical models which allow us to rationalize the molecular reactivity.
Understanding the physical factors which govern the course of chemical reactions
is of utmost importance not only to explain the experimental observations but also
to predict novel and/or more efficient processes. In this regard, the last century has
witnessed a remarkable flowering in the field of theoretical and computational
chemistry. For instance, the frontier molecular orbital (FMO) theory,">!* Marcus
theory,” the curve-crossing model in valence bond (VB) theory:1% and the
Woodward-Hoffmann rules " should be especially highlighted. Despite the
popularity of these approaches, several deficiencies have been identified and, for
this reason, these models have failed to rationalize the experimental findings on

different occasions.’ For instance, in the FMO theory the interactions of the

%2 (a) K. Fukui, T. Yonezawa, H. Shingu, J. Chem. Phys., 1952, 20, 722-725; (b) K. Fukui, T.
Yonezawa, C. Nagata, H. Shingu, J. Chem. Phys., 1954, 22, 1433-1442; (c) 1. Fleming, Frontier
Orbitals and Organic Chemical Reactions, Wiley, New York, 1978; (d) T. A. Albright, J. K.
Burdett, M. H. Whangbo, Orbital Interactions in Chemistry, 2" Ed., Wiley, Hoboken, NJ, 2013.

15 K. Fukui, Angew. Chem. Int. Ed. Engl., 1982, 21, 801-809.

51 (a) R. A. Marcus, J. Chem. Phys., 1956, 2/, 966-978; (b) R. A. Marcus, J. Chem. Phys., 1956,
24, 979-989.

1% (a) A. Pross, S. S. Shaik, Acc. Chem. Res., 1983, 16, 363-370; (b) A. Sevin, P. C. Hiberty, J.-M.
Lefour, J. Am. Chem. Soc., 1987, 109, 1845-1852; ¢) S. S. Shaik, P. C. Hiberty, A Chemist’s
Guide to Valence Bond Theory, Wiley-Interscience, Hoboken, NJ, 2008.

1% For some applications, see (a) S. Shaik, A. Shurki, Angew. Chem. Int. Ed., 1999, 38, 586-625;
(b) W. Lai, C. Li, H. Chen, S. Shaik, Angew. Chem. Int. Ed. 2012, 51, 5556-5578; (c) B. Braida,
C. Walter, B. Engels, P. Hiberty, J. Am. Chem. Soc., 2010, 152, 7631-7637; (d) D. Usharani,
D. Janardanan, C. Li, S. Shaik, Acc. Chem. Res., 2013, /6, 471-482; (e) D. Usharani, D. C.
Lacy, A. S. Borovik, S. Shaik , J. Am. Chem. Soc., 2013, 135, 17090-17104; (f) J. Li, S. Zhou,
J. Zhang, M. Schlangen, T. Weiske, D. Usharani, S. Shaik, H. Schwarz, J. Am. Chem. Soc.,
2016, 138, 7973-7981; (g) J. Li, S. Zhou, J. Zhang, M. Schlangen, D. Usharani, S. Shaik, H.
Schwarz, J. Am. Chem. Soc., 2016, 138, 11368-11377.

Y7 R. Hoffmann, Angew. Chem. Int. Ed. Engl., 1982, 21, 711-724.

% (a) R. B. Woodward, R. Hoffmann, J. Am. Chem. Soc., 1965, 87, 395-397; (b) R. B. Woodward,
R. Hoffmann, J. Am. Chem. Soc., 1965, 87, 4388-4389; (c¢) H. C. Longuet-Higgins, E. W.
Abrahamson, J. Am. Chem. Soc., 1965, 87, 2045-2046; (d) R. B. Woodward, R. Hoffmann,
Angew. Chem. Int. Ed. Engl., 1969, 8, 781-853.

% (a) S. D. Kahn, C. F. Pau, L. E. Overman, W. J. Hehre, J. Am. Chem. Soc., 1986, 108,
7381-7396; (b) C. Spino, H. Rezael, Y. L. Dory, J. Org. Chem., 2004, 69, 757-764; (c) B. R.
Ussing, C. Hang, D. A. Singleton, J. Am. Chem. Soc., 2006, 128, 7594-7607; (d) A. Talbot, D.
Devarajan, S. J. Gustafson, I. Fernandez, F. M. Bickelhaupt, D. H. Ess, J. Org. Chem., 2015,
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HOMO and LUMO of reactants are emphasized and the strongest interactions are
suggested to occur between orbitals that are closest in energy and which have the
largest overlap. These FMO interactions, which are computed at the equilibrium
geometries of the involved reactants, are suggested to be responsible for the
observed reactivity and selectivity (mainly, in pericyclic reactions). This is a rather
crude assumption as the interactions occurring in the transition state region, not
necessarily identical to those in the initial reactants, are responsible for the

activation barriers.

Bickelhaupt and Houk have independently developed a different approach to
understand reactivity known as “the activation strain model” of reactivity, ! also
called “the distortion-interaction model”.'®* This model has enormously contributed

to our current understanding of fundamental transformations in chemistry, such as

80, 548-558; (e) Y. Garcia-Rodeja, M. Sola, F. M. Bickelhaupt, I. Ferndndez, Chem. Eur. J.,
2016, 22, 1368-1378.

0 (a) F. M. Bickelhaupt, J. Comput. Chem., 1999, 20, 114-128; (b) I. Fernindez, F. M.
Bickelhaupt, Chem. Soc. Rev., 2014, 43, 4953-4967; (c) L. P. Wolters, F. M. Bickelhaupt,
WIRES Comput. Mol. Sci., 2015, 5, 324-343; (d) F. M. Bickelhaupt, K. N. Houk, Angew. Chem.
Int. Ed., 2017, 56, 10070-10086.

01 (a) D. H. Ess, K. N. Houk, J. Am. Chem. Soc., 2007, 129, 10646-10647; (b) D. H. Ess, K. N.
Houk, J. Am. Chem. Soc., 2008, 130, 10187-10198; (c) K. N. Houk, F. Liu, Y.-F. Yang, X.
Hong, Applied Theoretical Organic Chemistry, Ed. D. Tantillo, World Scientific, 2017, chapter
13; (d) F. Liu, Y. Liang, K. N. Houk, Acc. Chem. Res., 2017, 50, 539-543.
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162 163 164

cycloadditions, isomerizations, nucleophilic  substitutions, oxidative

165 among other organic or organometallic reactions.!%

additions,

The activation strain model (ASM) of reactivity allows us to rationalize the
height of reaction barriers in terms of the original reactants. This is achieved by
decomposing the activation energy AE* into two components: the strain energy
AF*in (also called distortion or preparation energy) and the interaction energy
AE#, (Eq. 1.1):

162 For selected examples, see: (a) F. Schoenebeck, D. H. Ess, G. O. Jones, K. N. Houk, J. Am.
Chem. Soc., 2009, 131, 8121-8133; (b) R. S. Paton, S. Kim, A. G. Ross, S. J. Danishefsky, K.
N. Houk, Angew. Chem. Int. Ed., 2011, 50,10366-10368; (c) 1. Ferndndez, F. M. Bickelhaupt,
J. Comput. Chem., 2014, 35, 371-376; (d) 1. Ferndndez, M. Sola, F. M. Bickelhaupt, J. Chem.
Theory. Comput., 2014, 10, 3863-3870; (e) F. Liu, Y. Liang, K. N. Houk, J. Am. Chem. Soc.,
2014, 136, 11483-11493; (f) J. J. Cabrera-Trujillo, I. Fernandez, Org. Biomol. Chem., 2019, 17,
2985-2991; (g) P. Vermeeren, T. A. Hamlin, I. Ferndndez, F. M. Bickelhaupt, Angew. Chem.
Int. Ed., 2020, 59, 6201-6206; (h) P. Vermeeren, T. A. Hamlin, I. Ferndndez, F. M. Bickelhaupt,
Chem. Sci., 2020, 11, 8105-8112.

For selected examples, see: (a) 1. Ferndndez, F. M. Bickelhaupt, F. P. Cossio, Chem. Eur. J.,

2012, 18, 12395-12403; (b) M. El-Hamdi, M. Sola, G. Frenking, J. Poater, J. Phys. Chem. A,

2013, 117, 8026-8034; (¢) M. Contreras, E. Osorio, F. Ferraro, G. Puga, K. J. Donald, J. G.

Harrison, G. Merino, W. Tiznado, Chem. Eur. J., 2013, 19, 2305-2310; (d) A. C. Castro, E.

Osorio, J. L. Cabellos, E. Cerpa, E. Matito, M. Sola, M. Swart, G. Merino, Chem. Eur. J., 2014,

20, 4583-4590.

18 For selected examples, see: (a) M. A. van Bochove, M. Swart, F. M. Bickelhaupt, J. Am. Chem.
Soc., 2006, 128, 10738-10744; (b) B. Galabov, V. Nikolova, J. J. Wilke, H. F. Schaefer III, W.
D. Allen, J. Am. Chem. Soc., 2008, 150, 9887-9896; (c) I. Ferndndez, M. Sola, F. M. Bickelhaupt,
Chem. Fur. J., 2013, 19, 7416-7422; (d) L. P. Wolters, Y. Ren, F. M. Bickelhaupt,
ChemistryOpen, 2014, 3, 29-36.

1% For selected examples, see: (a) A. Diefenbach, F. M. Bickelhaupt, J. Chem. Phys., 2001, 115,
4030-4040; (b) A. Diefenbach, F. M. Bickelhaupt, J. Phys. Chem. A, 2004, 108, 8460-8466; (c)
J. N. P. van Stralen, F. M. Bickelhaupt, Organometallics, 2006, 25, 4260-4268; (d) G. T. de
Jong, F. M. Bickelhaupt, J. Chem. Theory Comput., 2007, 3, 514-529; (e) W.-J. van Zeist, R.
Visser, F. M. Bickelhaupt, Chem. Eur. J., 2009, 15, 6112-6115; (f) L. P. Wolters, W.-J. van
Zeist, F. M. Bickelhaupt, Chem. Eur. J., 2014, 20, 11370-11381; (g) Y. Wang, M. S. G. Ahlquist,
Phys. Chem. Chem. Phys., 2014, 16, 11182-11185; (h) M. Joost, A. Zeineddine, L. Estevez, S.
Mallet-Ladeira, K. Miqueu, A. Amgoune, D. Bourissou, J. Am. Chem. Soc., 2014, 136, 14654-
14657.

16 For selected examples, see: (a) I. Ferndndez, F. M. Bickelhaupt, F. P. Cosslo, Chem. Eur. J.,
2009, 15, 13022-13032; (b) S. M. Bronner, J. L. Mackey, K. N. Houk, N. K. Garg, J. Am. Chem.
Soc., 2012, 134, 13966-13969; (c) J. M. Medina, J. L. Mackey, N. K. Garg, K. N. Houk, J. Am.
Chem. Soc., 2014, 156, 15798-15805; (d) 1. Ferndndez, F. M. Bickelhaupt, F. P. Cossfo, Chem.
Eur. J., 2014, 20, 10791-10801; (e) M. Joost, L. Estevez, S. Mallet-Ladeira, K. Miqueu, A.
Amgoune, D. Bourissou, J. Am. Chem. Soc., 2014, 136, 10373-10382.
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AE;E - AEE'&SEI‘{)HI_F AE‘;tin‘c (Eq 11)

The first term, AE*im, is the energy penalty associated with deforming the
reagents from a reference state (usually their equilibrium geometries) to the
geometries they adopt in the transition states (TS). In general, AE# . is positive,
i.e. destabilizing, and thus a factor that gives rise to the activation barrier. The
strain energy depends on the rigidity of the reactants, for example, how strong
bonds that must break are, how flexible bond angles to be deformed are, as well as,
to what extent groups must reorganize during a chemical transformation. On the
other hand, the interaction energy, AFE., quantifies the stabilizing interaction
between the respective deformed reagents. Consequently, the stabilizing feature of
this term is represented with a negative amount of energy and compensates, at least
to some extent, the energy penalty associated with the AFE* ., term. It is the
interplay between these energy terms that determine if, and at which point of the
reaction coordinate, a barrier arises, namely, at the point satisfying
dA Erain(£) /dC = —dAEw(L)/dE. A positive aspect of the ASM is the possibility to
split the potential energy surface AE({) not only in the transition state but also
along the entire reaction coordinate . Taking this into account, equation 1.1 can
be replaced by a more general equation (Eq. 1.2), where all terms can be calculated

for any point along the reaction coordinate:

AE(C) = AEwin(G) + AEw (€) (Eq. 1.2)

In addition, the AFEuwin(C) can be further decomposed into the individual
contributions from different reactants or different fragments (Eq. 1.3). This aspect
is very useful because quite often one reactant/fragment requires more energy to
be deformed than the other during a chemical transformation. Moreover, the
AFEi (L) can also be decomposed into different physical meaningful terms by means
of the energy decomposition analysis (EDA) method. This method is described in

detail in section 1.5.
AEstrain(C_,) - AESEraiII(C_,)_fl + AEstraitl(C)‘f2 (Eq 13)
As an illustrative example, Figure 1.13 shows the activation strain diagram

(ASD) for the reaction between a P/B-based FLP (R1) and dihydrogen (R2). Note
that the more stable geometry of the FLP R1 is the closed form, where a strong
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interaction between the LA and the LB occurs. Consequently, both functionalities
are quenched, and a certain amount of energy must be first employed to make the
Lewis sites available to interact with Hs. Also, the H-H bond in the TS geometry
is elongated in comparison with its equilibrium geometry, which is translated into
a considerable amount of (strain) energy due to the high H-H bond strength. On
the other hand, the interaction energy (AFEi.) becomes increasingly more negative
(i.e. more stabilizing) as the reaction progresses. This term quantifies the
stabilization that occurs when the respective distorted reactants (R1 and R2)

approach each other and therefore compensates the destabilizating A Fiin term.

E / keal-mol™!

strain energy
AEstrain(c)

&
-iu
v}
- T L —

\ Transition state

, Reaction coordinate (&)
| \ total energy

AE#,, AE()

s $ )
CR-—--B. | -\t
R R H
|
H
R1 R2

S

Q Equilibrium geometries

Product

interaction energy
AE\nt(f;)

Figure 1.13. Representative activation strain diagram for the Hs activation reaction mediated by
the intramolecular FLP R1. Total energy (black line), strain energy (red line), and interaction
energy (blue line) are plotted along the entire reaction coordinate (from reactants to the final
product). The contribution from the different reactants to the strain energy is shown as red “R1”

and “R2”, respectively.
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We want to point out that when comparing two chemical processes using the
ASM methodology, the analysis of the strain and interaction energies exclusively in
the respective TS geometries may lead to misleading results due to the different
position of the T'Ss on the reaction coordinate. Figure 1.14 graphically illustrates a
comparative activation strain diagram (ASD) for two generic reactions “A” and
“B” where the respective TSs are represented by a dot. Comparing the strain and
interaction energies for both processes at the respective TSs would lead to the
erroneous conclusion that the interaction energy is almost identical for both
processes and the strain becomes the decisive factor governing the distinct
reactivity. However, a simple visual inspection of the evolution of both terms along
the reaction coordinates shows that the strain energy is almost identical for both
processes and the stronger interaction in reaction B is exclusively the factor

responsible for its lower barrier. This example highlights the crucial importance of

E /kcal-mol?

A

— Reaction A
_____ Reaction B

AEstrain(C)

Reaction
- coordinate ({)

Figure 1.14. Comparison of generic activation strain diagrams having identical strain energy along
the entire reaction coordinate. The respective transition states are represented by circles.
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considering the evolution of the ASM terms along the entire reaction coordinate

and not only at the TS region.

1.5. Energy decomposition analysis (EDA) method

167

The energy decomposition analysis (EDA), developed by Morokuma'®” and by
Ziegler and Rauk,'® is a powerful method for a quantitative interpretation of the
chemical bond. The EDA method decomposes the interaction energy (AFin)
between two fragments “A” and “B” in a molecule “A-B” into three terms (Eq.
1.4). These terms can be interpreted in a chemically meaningful way, thus providing
a bridge between quantum chemical calculations and heuristic bonding models in

traditional chemistry.

AEﬁint =A %lsmt + AEPauli + Alaorb (Eq 14)

The term A Vaga. corresponds to the quasi-classical electrostatic interaction
between the unperturbed charge distributions of the deformed reactants and is
usually attractive. The term AFEp.u, called “Pauli repulsion”, considers the
destabilizing interactions between occupied orbitals. This term considers the
repulsive exchange interaction between electrons of both fragments having the same
spin and is responsible for any steric interaction. The orbital interaction term, A Eyn,,
accounts for the interaction between occupied orbitals on one moiety and
unoccupied orbitals on the other (such as HOMO-LUMO interactions),
charge-transfer and polarization (empty-occupied orbital mixing on one fragment

due to the presence of another fragment).

Dispersion forces, which are crucial in FLP chemistry (see above), arising from
the attractive interactions between the induced dipoles of interacting species, have
been recently identified as an important factor of chemical bonding.'® Within the
EDA method, there are essentially two ways to consider dispersion forces: (i) using

functionals that take into account dispersion forces corrections, as for instance, the

17 K. Morokuma, J. Chem. Phys., 1971, 55, 1236-1244.
168 T, Ziegler, A. Rauk, Theor. Chim. Acta, 1977, 46, 1-10.
19§, Grimme, J. Comput. Chem., 2004, 25, 1463-1473.
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0 or (ii) considering explicit

Minnesota functionals developed by the Truhlar group,
correction terms for the dispersion interaction such as the Grimme’s dispersion
corrections (DFT-D3'" and DFT-D4'™). In the latter case, a new term (AFus) is

summed to equation 1.4 and the total interaction energy is computed as:
AEHE = A‘/elstat + AEPauli + A-Eorb + A-Edisp (Eq 15)

The main orbital contributions to the total AE. term can be visualized and
quantified by means of the Natural Orbital for Chemical Valence (NOCV)!™
extension of the EDA method. Within the EDA-NOCV approach, the orbital
interaction (AE,) term is expressed as pairwise contributions of orbitals of the two
interacting fragments. The deformation density Ag™(r) represents the density
change of the fragment before and after bond formation and can be expressed as a
sum of pairs of complementary orbitals (Wx, W) corresponding to the eigenvalues

(Vi, vy that are equal in absolute value but opposite in signs (Eq. 1.6).
B (r) = TRl v~V () + WE (] = Tibp(r)  (Eq. 1.6)

A particularly helpful feature of the EDA-NOCYV method lies in the possibility
to graphically depict the total deformation density Ag”™(r) in terms of the
individual deformation densities Apk(r), which provides a qualitative picture of the
different components of the chemical bond (o, m, 3, etc.). In addition, it is also
possible to obtain a quantitative expression for AE.: in terms of pairwise orbital

interaction energies (AF¥.;) that are associated with the respective Api(r) (Eq. 1.7),

N/2
AE,p = ki1 Uk[_ing,—k + FIZIS;] = Zk AEkorb (EQ- 1'7)

0 For some examples, see: (a) Y. Zhao, D. G. Truhlar, J. Chem. Phys., 2006, 125, 194101; (b) Y.
Zhao, D. G. Truhlar, J. Phys. Chem. A 2006, 110, 13126-13130; (¢) Y. Zhao, D. G. Truhlar,
Theor. Chem. Acc., 2008, 120, 215-241; (d) Y. Zhao, D. G. Truhlar, Acc. Chem. Res., 2008,
41, 157-167.

'S, Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys., 2010, 132, 154104.

12 (a) E. Caldeweyher, S. Ehlert, A. Hansen, H. Neugebauer, S. Spicher, C. Bannwarth, S. Grimme,
J. Chem. Phys., 2019, 150, 154122; (b) E. Caldeweyher, J.-M. Mewes, S. Ehlert, S. Grimme,
Phys. Chem. Chem. Phys., 2020, 22, 8499-8512.

173 M. P. Mitoraj, A. Michalak, T. Ziegler, J. Chem. Theory Comput., 2009, 5, 962-975.
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where the terms —Ff,f,_k and FkT, % are the diagonal matrix elements corresponding

to NOCVs with eigenvalues -vi and vy, respectively.

For further details on the EDA-NOCV method and its application to the

analysis of the chemical bond, some recent reviews are recommended.'™

'™ (a) L. Zhao, M. von Hopffgarten, D. M. Andrada, G. Frenking, WIRFEs Comput. Mol. Sci., 2018,
8, e1345; (b) G. Frenking, F. M. Bickelhaupt, in The Chemical Bond. Fundamental Aspects of
Chemical Bonding, G. Frenking and S. Shaik (Eds.), Wiley-VCH, Weinheim, 2014, 121-158; (c¢) 1.
Ferndndez, Applied Theoretical Organic Chemistry, D. Tantillo (Ed.), World Scientific, 2017,
chapter 7; (d) L. Zhao, M. Hermann, W. H. E. Schwarz, G. Frenking, Nat. Rev. Chem., 2019, 3,

48-63.
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“The scientist is not a person who gives the right answers,

he’s one who asks the right questions.”

Claude Levi-Strauss






I1. Objectives

The primary aim of this Ph.D. thesis is to understand the physical factors
that govern the reactivity of FLPs by means of state-of-the-art computational
methods. To this end, we have used the activation strain model (ASM) of reactivity
combined with canonical Energy Decomposition Analysis-Natural Orbital for
Chemical Valence (EDA-NOCV) methods to quantitatively unravel those factors
responsible for the reactivity of selected FLPs (see below). The results derived from
the studies presented herein may contribute not only to rationalize the reactivity

of these species but also to the rational design of new and more active FLP systems.

Despite the majority of FLPs are constituted by a combination of Group 13
and Group 15 elements, the influence of the nature of the acid/base pairs on the
reactivity of FLPs is essentially unknown. For this reason, in chapter 1 we shall
rationalize the reactivity of different LA/LB combinations (LA = B, Al, Ga, In;
LB = N, P, As, Sb) in geminal FLPs. To this end, we have selected the archetypal
dihydrogen activation reaction (Scheme 2.1). In addition, the influence of the nature
of the substituents directly attached to the acid E’ atom will be also explored.
Besides understanding the factors controlling the dihydrogen activation of these
geminal FLPs, the main aim of this chapter is to identify the best combination of

the Group 13/Group 15 elements leading to the most active system.

® . O
Me,E” ER, + Hp — MezE/\Ili'Rz
|

H H

N, P, As, Sb (Group 15)
B, Al, Ga, In (Group 13)

E
EI
Scheme 2.1. Dihydrogen activation reaction mediated by geminal FLPs considered in chapter 1.

Directly related to the contents of chapter 1, in chapter 2 we will expand the
study to geminal FLPs having Group 14 elements as acid functionalities. To this
end, we will focus on the experimentally reported (F;C.)sE—CH,—P({Bu): (E = Si,
Ge, Sn) geminal FLPs. Specifically, the CO, and phenylisocyanate activation
reactions mediated by these FLPs will be analyzed (Scheme 2.2) and compared to
the analogous processes involving the B/P geminal FLP. This will allow us to
quantitatively disclose the influence of the nature of the acid functionality on the

reactivity of this family of intramolecular FLPs.
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(CoFs)sE” “PtBu,  PhNCO |(CoFshE” “PfBup|  CO,  (CoFshE  PiBu;
0 = _ - 0
NPh E = SI, Ge, Sn (@)

Scheme 2.2. Reactivity of Group 14 element containing geminal FLPs studied in chapter 2.

Aiming at designing highly active FLPs, we will explore the reactivity of
geminal FLPs featuring a 4m-antiaromatic borole fragments as the acid sites. To
the best of our knowledge, the influence of aromaticity on the reactivity of FLPs
was not considered previously. We hypothesize that the loss of antiaromaticity in
the borole moiety during the activation of small molecules should result in more
favored processes compared to those systems where aromaticity is not involved
(Scheme 2.3). Chapter 3 will show the successful application of the aromaticity

concept to the reactivity of FLPs.

R R Hy, COy, CSy,
= HCCH, CHy, SiH,
tBu,P. B/ R

Activation products

R Influence of aromaticity?

4rn-antiaromatic borole

Scheme 2.3. Studied small molecule activation reactions mediated by antiaromatic borole

containing FLPs.

Once the reactivity of geminal FLPs is studied, we will next explore
intermolecular FLPs featuring ylidones as the basic functionality. Chapter 4 is
therefore inspired by the work by Alcarazo and co-workers who described the
reactivity of FLPs composed of BCF and carbones (unconventional species
containing a carbon atom which retain its four valence electrons as two lone pairs).
In this chapter, we shall not only focus on carbones but also on its heavier
analogues, known as “ylidones”. Thus, we will analyze the Hactivation reactivity
of FLPs derived from carbones or ylidones with formula EL, (E = C, Si, Ge, Sn,
Pb; L = phosphine or carbene) in combination with B(C¢F5)s (Scheme 2.4). Our
calculations will allow us to uncover the influence of the nature of both the central

atom E and the ligands L on the reactivity of this unconventional family of FLPs.
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KRN ®
E H, L ©)
/ \ + B(CGF5)3 E——— E—H + HB(CGF5)3
L L L//

E =C, Si, Ge, Sn, Pb
L = phosphine or carbene

Scheme 2.4. FLP-mediated H, activation reactions considered in chapter 4.

In chapter 5, FLPs acting as ambiphilic ligands in Au(I)-complexes will be
investigated. Firstly, with the help of the EDA-NOCV method, we will
quantitatively analyze the interaction between the LA moiety and the transition
metal center. Secondly, we are interested in how such interaction enhances the
activity of the corresponding FLP-Au complexes in a representative Au(I)-
catalyzed reaction, namely the hydroarylation of phenylacetylene (Scheme 2.5). To
this end, we will compare the processes involving these species with that involving

the parent [Au(PPhs)]|* catalyst, where no Au-LA interaction is present.

o W

Z [Au-L]* Me
. .
L = FLP or PPh, Q Me

Me

Scheme 2.5. Hydroarylation of phenylacetylene catalyzed by Au(l) complexes featuring FLPs as

ambiphilic ligands considered in chapter 5.

Finally, we were fascinated by the recent reports by Young and co-workers
on the smooth monoselective C—F bond activations in di- and trifluorosubstrates
mediated by FLPs (Scheme 2.6). For this reason, in the final chapter 6, we will
explore the so far poorly understood role of FLPs in these facile C—F bond
activations. Besides exploring the corresponding potential energy surface, the
critical influence of non-covalent interactions on the transformation will be also

investigated.
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®

Q
F 3 FB(CeF
F B(C¢Fs)s/base F | FB(CoF)|
F(H) > base

Ph

base = PArzor N” X

Ph 7 Ph

Scheme 2.6. Monoselective defluorination reactions in di- and trifluorosubstrates mediated by
FLPs studied in chapter 6.
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“A thinker sees his own actions as experiments and
questions — as attempts to find out something. Success

and failure are for him answers above all.”

Friedrich Nietzsche






III. CHAPTER 1
Influence of the Lewis acid/base pairs on the reactivity of

geminal E—CH,—E’ frustrated Lewis pairs

The influence of the nature of the acid/base pairs on the reactivity of geminal
frustrated Lewis pairs (FLPs) (Me:E—CH,—E’Ph;) has been computationally
explored within the density functional theory framework. To this end, the
dihydrogen-activation reaction, one of the most representative processes in the
chemistry of FLPs, has been selected. It is found that the activation barrier of this
transformation as well as the geometry of the corresponding transition states
strongly depend on the nature of the E/E’ atoms (E=Group 15 element, E’=Group
13 element) in the sense that lower barriers are associated with earlier transition
states. Our calculations identify the geminal N/Al FLP as the most active system
for the activation of dihydrogen. Moreover, the barrier height can be further
reduced by replacing the phenyl group attached to the acidic atom by CgF's or
3,5—(CF3).C¢Hs (Fxyl) groups. The physical factors controlling the computed
reactivity trends are quantitatively described in detail by means of the activation

strain model of reactivity combined with the energy decomposition analysis method.

Chem. Eur. J., 2018, 24, 17823-17831.
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Introduction

The chemistry of frustrated Lewis pairs (FLPs) has arguably experienced a
tremendous development since the seminal report by Stephan and co-workers in
2006.! These species are characterized by having coordinatively unsaturated Lewis
acidic and basic atoms in either single molecules or bimolecular systems where steric
hindrance hampers the formation of a classical donor-acceptor dative bond between
them. Owing to this peculiar bonding situation, FLPs exhibit a unique reactivity,
which allows, among other processes, the activation of different species (e.g., Ho,

CO, CO», N>O, etc.) in stoichiometric and catalytic reactions.?

Among the different FLPs described so far, geminal FLPs, that is, systems
where the Lewis acidic and basic atoms are separated by a carbon atom, should be
especially highlighted (Scheme 3.1). Indeed, geminal P/Al® and P/B*® Lewis pairs
have attracted considerable interest quite recently due to their remarkable activity
in the activation of small molecules. In addition, other geminal FLPs based on
N/B,S N/AL7 P/X® (X = Group 14 element), and even P/Ga’ have been prepared
in order to tune the Lewis acidity/basicity of the FLP antagonists and
consequently, to modify the activity of the system. Despite that, the influence of
the nature of the Lewis pairs on the reactivity of the FLP is so far not fully

understood, which is of crucial importance for further development of FLPs.

R Ph H

l :[ R.N" " BAr, R,P” " BAr,

(CeFs)oP™ B(CeFs)2 (CeFs)oP™  B(CgFs)2

H_ _Ph Bu. _H Ph. _Me H. _Ph

! X 5 |
Mes,P” “AlBu, ArHP” AI[CH(SiMe3).) Ph,P” ~ZrCp*, Mes,P” ~Ga'Bu,

Scheme 3.1. Representative examples of geminal FLP systems.

To gain a deeper, quantitative insight into the relationship between the nature
of the active sites of geminal FLPs and their reactivity, we explore herein the
dihydrogen activation, one of the most important and representative reactions in
FLP chemistry,> ! mediated by geminal Me;E—CHs—E’Ph, (E = Group 15 element,
E’ = Group 13 element) FLPs (Scheme 3.2). In these systems, which are strongly
related to the tBu,P—CH>—BPh, FLP experimentally described by Lammertsma
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and coworkers,” both the acidic and basic atoms will be modified to identify the
E/E’ combination leading to the most active geminal FLP (i.e., which exhibits the

lowest activation barrier for the considered dihydrogen activation).

N _
MeQE/\I|E’Ph2
|
H H
1 2
E =N, P, As, Sb (group 15)
E’ =B, Al, Ga, In (group 13)

Me,E” “E'Ph, + Hp

Scheme 3.2. FLP-mediated dihydrogen activation reaction considered in this study.

The computed reactivity trends will be analyzed in detail by means of the
activation strain model (ASM)! of reactivity in combination with the energy
decomposition analysis (EDA) method.'? This methodology has been particularly
helpful very recently to understand the factors controlling both the H, activation
and the subsequent dihydrogen release into multiple bonds mediated by geminal
B/N FLPs.’* 1 Indeed, by means of this state-of-the-art approach we have proposed
an orbital-controlled mechanism, complementary to the traditional mechanisms
suggested by Péapai et al. and Grimme et al.,'® where the degree of charge-transfer
cooperativity between the key donor-acceptor orbital interactions, that is,
LP(N)—oc*(Hy) and o(H:)—pr(B) along the reaction coordinate constitutes a
suitable indicator of the reaction barrier.” In addition, a cooperative concerted, yet

asynchronous, double hydrogen transfer mechanism was also found for the

subsequent hydrogenation of multiple bonds.!*

Theoretical Methods and Computational Details

Geometry optimizations of the molecules were performed without symmetry
constraints by using the Gaussian 09 suite of programs'” employing the metahybrid
MO06-2X exchange-correlation functional® combined with the triple-C quality
def2-TZVPP basis set.’ Reactants and products were characterized by frequency
calculations and have positive definite Hessian matrices. Transition structures
(T'Ss) only show one negative eigenvalue in their diagonalized force constant
matrices, and their associated eigenvectors were confirmed to correspond to the
motion along the reaction coordinate under consideration by using the intrinsic
reaction coordinate (IRC) method.” In addition, a vibrational calculation provides

the thermal Gibbs energy corrections by using the ideal gas/rigid rotor/harmonic
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oscillator approximation. Solvent effects were taken into account by means of the
polarizable continuum model (PCM)?! by using the gas-phase optimized geometries
at the same level. This level is denoted PCM(solvent)/M06-2X/def2-
TZVPP//M06-2X /def2-TZVPP.

Energy decomposition analyses were carried out by using the ADF.2017
program? at the same level of theory in conjunction with the triple-C quality TZ2P
basis set* on the geometries optimized at M06-2X/def2-TZVPP. Scalar relativistic
effects were accounted for by using the zeroth-order regular approximation
(ZORA).* This level is therefore denoted ZORA-MO06-2X/TZ2P//MO06-
2X/def2-TZVPP.

Activation strain model of reactivity

The ASM of reactivity method! is a systematic development of the energy
decomposition analysis (EDA) method (see below). This method, which is also
known as distortion/interaction model,” is a fragment approach to understanding
chemical reactions in which the height of reaction barriers is described and
understood in terms of the original reactants. Within this approach, the potential
energy surface AE(L) is decomposed along the reaction coordinate ¢ into two main
contributions, namely the strain AFu.in(C) associated with deforming of the
individual reactants plus the actual interaction AEi(C) between these increasingly

deformed reactants [Eq. (3.1)]:

AE(L) = ABuwin(C) + ABu(C) (3.1)

Although the strain AFEi.i(§) depends on both the rigidity of the reactants
and the reaction pathway under consideration, the interaction AFEi.(C) between the
reactants depends on their electronic structures and on their mutual orientation as
they approach each other. The interplay between AFiuin(§) and AFin(C) determines
where the barrier arises, namely, at the point satisfying
dA Erain(€) /dC=—dAEin:(€) /dL. This approach has enormously contributed to our
current understanding of different fundamental transformations in either organic or
organometallic chemistry.” For further details of the theoretical background and
different applications of the ASM method, we refer readers to the review articles

that were published recently.
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For consistency reasons, herein the reaction coordinate is defined as the
projection of the IRC onto the forming E/E’--H distance. This reaction coordinate
€ undergoes a well-defined change in the course of the reaction from the separate

reactants to the equilibrium distance in the corresponding transition states.

Energy decomposition analysis

The interaction AEi(C) between the strained reactants can be further
partitioned into chemically meaningful contributions by means of the EDA
method." Thus, AFi(C) is decomposed into the following terms along the reaction

coordinate [Eq. (3.2)]:

AEn(C) = AVasat(€) + AEpaui(€) + ALu(C) + AEusp(C) (3.2)

The term A Vgt corresponds to the classical electrostatic interaction between the
unperturbed charge distributions of the deformed reactants and is usually
attractive. The Pauli repulsion AFp,ui comprises the destabilizing interactions
between occupied orbitals and is responsible for any steric repulsion. The orbital
interaction A F,q, accounts for charge transfer (interaction between occupied orbitals
on one moiety with unoccupied orbitals on the other, including HOMO-LUMO
interactions) and polarization (empty—occupied orbital mixing on one fragment due
to the presence of another fragment). Finally, the AFEy, term takes into account
the interactions, which are due to dispersion forces. Moreover, the NOCV (natural
orbital for chemical valence)* extension of the EDA method has also been used to
further partitioning the AF,, term. The EDA-NOCV approach provides pairwise

energy contributions for each pair of interacting orbitals to the total bond energy.

Results and Discussion

Similar to the reaction profiles computed previously for the dihydrogen
activation mediated by different N/B* or P/B* geminal FLPs, we found that in
all cases the heterolytic H» splitting occurs in a concerted manner leading to the
corresponding zwitterionic products 2 through the respective five-membered
transition states TS. These saddle points are therefore associated with the rupture
of the H-H bond with the concomitant formation of E-H and E'-H bonds (Figure

3.1). Moreover, the process begins with the formation of an initial van der Waals
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reactant complex, which, in all cases, lies approximately 2—3 kcal mol™ (average
value) above the separate reactants (the formation of these species becomes even

more endergonic when thermal free-energy corrections at 298.15 K are included, see
Table 3.1).

(a) B/E series (b) Al/E series

0.951

1.384

TS-B/P

TS-B/As

TS-B/Sb TS-Al/Sb

Figure 3.1. Fully optimized geometries (M06-2X/def2-TZVPP level) of the transition states
involved in the Hy activation reactions mediated by FLPs B/E and Al/E (E = Group 15 element).
Bond distances are given in Angstroms.

_79 -



III. Chapter 1

Closer inspection of the optimized geometries of the transition states (see
Figure 3.1 for the representative series involving B/E and Al/E FLPs) clearly
indicates that the forming E’--H bond (E’=Group 13 element) becomes shorter and
shorter as the basicity of the EMe; moiety decreases (E=N>P>As>Sb). At the
same time, the H--H bond becomes longer and longer. Therefore, our calculations
suggest that the transition state of this FLP-mediated dihydrogen activation is
reached later and later as the basicity of the E Lewis base partner becomes lower.
Interestingly, for a given E’ Lewis acid, the computed activation barrier steadily
increases even when the basic E partner goes from nitrogen to antimony (see Table
3.1). For this reason, it is not surprising that very good linear relationships were
found when plotting the H---H bond breaking lengths in the transition states versus
the corresponding computed activation barriers (correlation coefficients R?>0.99,
Figure 3.2). We can then conclude that late transition states in these FLP-mediated
reactions are associated with higher activation barriers than earlier transition
states, which is fully consistent with the Hammond-Leffer postulate.® As expected,
similar very good linear correlations were also found when plotting the E’---H bond
forming length versus the corresponding activation barriers (see Figure 3.S1 in the

Supporting Information).

45 -

40
R? =0.992

35 In/E

30
25 +

20

AE 7/ kcal mol™

15 1

10

0.9 0 11 12 1.3
r(H--H) /A

Figure 3.2. Plot of the computed activation barriers (AE?) vs. the H--H distance in the
corresponding transition states. All data were computed at the M06-2X/def2-TZVPP level.
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Table 3.1. Computed activation and reaction energies plus ZPVE corrections and
corresponding free energies (computed at 298.15 K) for the dihydrogen activation reactions
mediated by geminal FLPs 1. All data (in kcal mol '), relative to the isolated reactants, were
computed at the M06-2X/def2-TZVPP level.

E'/E AErc(ZPE)?  AGrc® AE#(ZPE)Y AG*"  AER(ZPE)Y  AGgpl
B/N 1.7 83 (5.1)4 153 221 (17.6)4  -1.2 6.0 (-6.3)
B/P 4.1 9.9 (7.7) 26.7 33.5 (30.0) 3.3 10.8 (1.8)
B/As 5.9 12.1 (9.1) 35.5 43.2 (38.1) 18.1 26.0 (16.5)
B/Sb 1.3 7.6 (5.0) 45.0 52.0 (47.0) 286 36.0 (27.1)
Al/N 0.3 7.1 (4.0) 6.7 14.0 (10.1) 1.8 8.9 (-2.2)
Al/P 0.1 6.0 (3.0) 16.8 23.3 (20.6) 0.8 7.0 (-0.7)
Al/As 0.1 7.1 (4.2) 24.7 32.5 (28.9) 13.3 21.8 (13.7)
Al/Sb 2.4 8.7 (5.6) 35.6 0 (39.7) 24.4 32.8 (24.9)
Ga/N 1.2 8.2 (4.7) 9.9 17.6 (13.6) 5.5 12.8 (1.7)
Ga/P 0.1 6.4 (3.7) 20.1 26.0 (23.4) 5.5 9.4 (2.0)
Ga/As 0.3 7.3 (4.3) 28.4 36.2 (32.5) 15.9 24.5 (16.6)
Ga/Sb 2.4 8.4 (5.5) 38.9 47.2 (42.9) 26.7 34.7 (27.2)
In/N 0.8 7.8 (4.7) 9.6 17.0 (13.3) 6.8 14.2 (4.5)
In/P 0.4 6.8 (3.7) 20.2 27.6 (25.0) 2.5 10.0 (3.9)
In/As 0.2 5.7 (4.3) 28.8 35.5 (32.9) 16.8 24.7 (18.3)
In/Sb 2.3 6.8 (5.5) 39.8 46.5 (42.5) 27.8 34.4 (27.9)
[a] AErc = E(RC) — E(1) — E(H,). [b] Activation energy: AE* = E(TS) — E(1) — E(Hs). [c]

Reaction energy: AFEr = FE(2) — E(1) — E(H,). [d] Values within parentheses indicate the
corresponding free energies in toluene solution (computed at the PCM(toluene)-M06-2X /def2-
TZVPP//M06-2X-def2-TZVPP level).

Two main reactivity trends can be clearly observed when inspecting the data
gathered in Table 3.1. On the one hand and as commented above, the barrier
heights for the considered H, activation reactions linearly increase upon reducing
the basicity strength of the E atom regardless of the nature of the acidic E’ atom
(AE” increases in the order N < P < As < Sb). On the other hand, it seems that
for a given E atom, the activation barrier decreases when going down in the Group
13 for the acidic E’ atom. Strikingly, in all cases, it is found that, regardless of the
nature of the basic E atom, the systems having E’=Al as acidic partner
systematically exhibit the lowest activation barriers in all of the considered series.
Therefore, our calculations identify the geminal Al/N FLP as the most active
system for the activation of dihydrogen. Identical reactivity trends are found when
considering the effect of the solvent (in this study, toluene was selected because it

is the solvent typically used in the experiments). Not surprisingly, the activation
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barriers in solution become slightly lower (ca. 5 kcal mol™) and the reaction energies
become systematically less endergonic (ca. 10 kcal mol™) than those computed in
the gas phase. This can be ascribed to the gain of the zwitterionic character of

species 2 upon dihydrogen activation.

The activation strain model (ASM) of reactivity was next applied to gain a
deeper, quantitative insight into the physical factors controlling the
above-commented reactivity trends. Thus, the reduction of the reactivity with
decreasing the basicity strength of the E atom was analyzed first. To this end, we
focused on the dihydrogen-activation reactions involving the parent geminal
Me,E-CH,—BPh, FLPs (E = N, P, As, Sb). Although all the processes have been
studied, Figure 3.3 only shows the corresponding activation strain diagrams (ASDs)
from the initial reactant complexes up to the transition states for the reactions
involving E = N, P, and Sb for clarity reasons (the remaining ASD for E = As can
be found in Figure 3.S2 in the Supporting Information).
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Figure 3.3. Comparative activation strain diagrams of the dihydrogen-activation reactions
mediated by geminal B/N (solid lines), B/P (dashed lines) and B/Sb (dotted lines) FLPs along the
reaction coordinate projected onto the forming B---H bond length. All data were computed at the
M06-2X/def2-TZVPP level and are referenced to the isolated reactants.

- 75 -



Understanding the reactivity of Frustrated Lewis Pairs

All Hs activation reactions exhibit quite similar ASDs in the sense that the
interaction energy between the deformed reactants, measured by the AFEi. term,
only becomes clearly stabilizing at the proximity of the transition state region. This
behavior has also been observed not only in our previous work focused on the
strongly related H, activation mediated by geminal B/N FLPs,”® but also in
completely different processes, such as pericyclic reactions.? Interestingly, the
interaction energy between the deformed reactants (AFi), which is rather similar
for all systems along the entire reaction coordinate, only becomes significantly
different at the corresponding transition states where it increases (i.e., becomes
more stabilizing) in the order E = N < P < Sh. This is exactly the opposite trend
to the activation barriers, which strongly suggests that the observed reactivity
trend is not related to the interaction between the reactants. Instead, the strain
energy, that is, the energy required to deform the reactants from their equilibrium
geometries, is markedly different for the considered FLP-mediated reactions along
the entire transformation and follows the same trend than the activation barriers
(AEuin increases in the order N < P < Sb). For instance, at the same consistent
B---H bond forming length of 1.6 A, the difference in the computed strain energies
(AAEyrin = 6.4 and 17.9 kcal mol™!, for B/P and B/Sb with respect to B/N,
respectively) roughly matches the difference in the computed total energies (AAE
= 8.1 and 21.4 kcal mol™, for B/P and B/Sb, respectively). It can be concluded
that the observed trend of the reactivity, which was initially ascribed to the
different basicity strength of the EMe, moiety, finds its origin mainly in the energy
required to deform the reactants to adopt the transition state geometry instead.
The ASM method therefore suggests that geminal FLPs having lighter Group 15
elements as basic partner already possess an equilibrium geometry, which better
fits into the corresponding transition states, and for this reason, require a much
lower deformation energy than their heavier counterparts. This is translated into
earlier transition states (see above) and consequently, into lower activation barriers.
This conclusion is further confirmed by the partitioning of the total AFiin term
into contributions coming from both reactants (i.e., H, and FLP), which indicates
that the strain associated with the deformation of the geminal FLP reactant is
mainly responsible for the observed trend in AEj.n (see Figure 3.S3 in the

Supporting Information).

We then analyzed the reactivity trends observed when modifying the acidic

E’ atom from B to In. As commented above, the activation barriers seem to decrease
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systematically when going down in the Group 13 regardless of the nature of the
basic E atom with the notable exception of the processes involving E’ = Al, which
exhibit the lowest computed barrier heights. To understand in detail this peculiar
reactivity trend, we again applied the ASM to the H, activation reactions involving
the geminal MesN—CH,—E’Ph, FLPs (E* = B, Al, In). The corresponding ASDs
(once again, showing the reaction coordinate from the beginning of the process up
to the corresponding transition states) clearly indicate that the processes involving
the heavier Group 13 E’ atoms (E = Al or In) benefit from a much lower strain
energy along the entire coordinate. Despite that, the lower barrier computed for
these systems as compared to E’ = B is not only the result of their less destabilizing
deformation energies. As can be clearly seen in Figure 3.4, these systems also benefit
from a stronger interaction energy along the entire reaction coordinate and
particularly, at the transition state region as compared to the analogous
transformation involving the B/N FLP. Therefore, it is the combination of a lower
strain energy and a stronger interaction which renders the processes involving the
heavier systems kinetically more favorable. Interestingly, the ASDs depicted in
Figure 3.4 also explain the anomalous behavior of the system having E’ = Al
Indeed, if we compare the processes involving E’ = Al and E’ = In, we realize that
both systems exhibit a nearly identical strain energy along the entire
transformation, which indicates that the AEywin term is not at all responsible for
this peculiar behavior. At variance, the process involving the Me:N—CH,—AlPh,
FLP clearly benefits from a stronger interaction between the deformed reactants
along the entire transformation, which is translated into the lower activation barrier

computed for this particular transformation.
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Figure 3.4. Comparative activation strain diagrams of the dihydrogen activation reactions
mediated by geminal B/N (solid lines), Al/N (dashed lines), and In/N (dotted lines) FLPs along
the reaction coordinate projected onto the forming N--H bond length. All data were computed at
the M06-2X/def2-TZVPP level and are referenced to the isolated reactants.

The crucial role of the interaction energy in the processes involving
Me:N—CH,—E’Ph, (E’ = B, Al, In) FLPs deserves further quantitative analysis. To
this end, the different contributors to the total interaction energy, AFEi., are
analyzed by applying the energy decomposition analysis (EDA) method.'? As
graphically shown in Figure 3.5, which shows the evolution of the different EDA
terms along the reaction coordinate for the H, activation involving the
Me:N—CH,—E’Ph, (E’ = B, Al, In) FLPs, it becomes evident that the B/N system
presents the strongest orbital interactions between the deformed reactants,
particularly at the transition state region. Despite that, the stabilizing AFEus, term
(and A Ve, albeit to a lesser extent) cannot compensate the highly destabilizing
effect of the Pauli repulsion term (AEp.ui) and for this reason, the total interaction
energy for the reaction involving this B/N FLP is comparatively weaker than that
computed for the analogous processes involving Al/N or In/N FLPs, which benefit
from a much lower destabilizing Pauli repulsion. Interestingly, when comparing
these heavier systems, it becomes clear that the differential factor leading to the

computed higher interaction energy for the process involving the E> = Al system is
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the stronger orbital interaction between the reactants for this particular FLP, as
the other energy contributors are essentially identical. For instance, at the same
N--H bond forming length of 1.5 A, a value of AE,, = —63.6 kcal mol™ was
computed for the reaction involving the Al/N system whereas a weaker value of
AEo, = —55.8 kecal mol™ (A Vesa = —47.3 kcal mol™) was found for the process
involving the heavier In/N system. This remarkable difference in the orbital
interactions is therefore responsible for the lowest barrier height computed for the

reaction involving the Al/N FLP.
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Figure 3.5. Energy decomposition analysis of the dihydrogen activation reactions mediated by
geminal B/N (solid lines), Al/N (dashed lines), and In/N (dotted lines) FLPs along the reaction

coordinate projected onto the forming N---H bond length. All data were computed at the ZORA-
M06-2X/TZ2P//M06-2X /def2-TZVPP level.

By means of the NOCV extension of the EDA % the nature of the molecular
orbitals involved in the H, activation as well as their relative contribution to the
total AF, term can be further analyzed. As depicted in Figure 3.6 for the processes
mediated by the Al/N and In/N FLPs, the pairwise orbital interaction, which
mainly dominates the AFE., term (contribution of ca. 90%), involves the cooperative
LP(N)—oc*(H:) and o(H:)—p(E’) interactions. This orbital interaction is therefore
identical to that observed previously by us for the related geminal B/N
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FLP-mediated H, activations,'® which further confirms the generality of the reaction
mechanism of this transformation. Despite that, the peculiar behavior of the Al/N
system finds its origin in the strength of this particular orbital interaction. Indeed,
as shown in Figure 3.6, the associated orbital energy AE(p), at the same N--H bond
forming length is approximately 8 kcal mol™ stronger for the process involving
Al/N than for the transformation involving its heavier counterpart In/N. This
stronger orbital interaction is then responsible for the stronger interaction between
the reactants, which, together with the required relatively low strain energy, make
the geminal Al/N FLP the most active system of the entire E/E’ series for the
heterolytic rupture of dihydrogen.

AE(p) =-78.9 kcal/mol AE(p) =-71.2 kcal/mol

Figure 3.6. Contour plots of NOCV deformation densities Ap and the associated energies AE(p)
(in keal mol ™) for the main orbital interactions between Hz and geminal FLPs Al/N (left) and In/N
(right). The electronic charge flows from red to blue. All data were computed at the ZORA-MO06-
2X/T72P//M06-2X /def2-TZVPP level.

Effect of substituents

In the FLP chemistry, a frequently employed substituent on the acidic atom
(usually, boron) is the CgF; group mainly due to its high electron-withdrawing
nature, which greatly enhances the acidity of the E’ atom. Despite that, in some
particular cases (geminal P/B FLPs) the enhanced reactivity of the system leads
to a rearrangement side reaction forming a five-membered ring B/P heterocycle,
which precludes the preparation of the geminal P/B(CsF5), FLP.* For this reason,
different electron-withdrawing substituents, such as the Fxyl group (Fxyl =
3,5—(CFs)2C¢Hs) have also been employed quite recently for the preparation of
highly active geminal FLPs (i.e., tBus,P—CHy—B(Fxyl),).> Taken into account these

findings, we finally investigated the effect of these substituents on the reactivity of
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the most active geminal FLPs identified above, that is, the B/N and Al/N systems,
aiming at further lowering the barrier height of the H, activation reaction.

From the data in Table 3.2, which gathers the computed activation and
reaction energies of the explored dihydrogen activations, it becomes evident that
the CgFs and Fxyl groups significantly favor the transformation, from both
thermodynamic and kinetic points of view, as compared to the phenyl group. When
comparing both electron-withdrawing groups, it is clear that the C¢F's group leads
to a more active FLP. Therefore, the geminal FLP Me:N—CH,—B(C¢F5), and
particularly, its aluminum counterpart Me;N—CH,—Al(CgF5),, are predicted as the
most promising (i.e., active) candidates to perform facile dihydrogen activation

reactions (i.e., having relatively low activation barriers).

Table 3.2. Computed activation and reaction energies plus ZPVE corrections and corresponding
free energies (computed at 298.15 K) for the dihydrogen activation reactions mediated by B/N
and Al/N geminal FLPs. All data (in kcal mol '), relative to the isolated reactants, were computed
at the M06-2X /def2-TZVPP level.

FLP Erc(ZPE)® Gpcl?  EX(ZPE)F  G*W Er(ZPE)! G

Me;N-CH,-BPh, 1.7 8.3 15.3 22.1 1.2 6.0
(5.1)l (17.6)1 (-6.3)1

MeN-CHy-B(CeFs): 0.5 6.3 6.6 13.7 -16.2 9.3
(3.5) (9.6) (-22.7)

Me:N-CHoB(Fxyl). 1.4 7.2 11.8 18.7 9.6 1.8
(4.5) (14.6) (-14.2)

Me:N-CHy-AlPh, 0.3 7.1 6.7 14.0 1.8 8.9
(4.0) (10.1) (-2.2)

Me:N-CHy-Al(CeFs)o 1.4 5.9 3.10 9.2 9.9 2.5
(1.9) (5.3) (-13.6)

MeN-CHy-Al(Fxyl), 0.8 8.0 3.9 11.1 4.3 3.1
(4.0) (7.7) (-8.3)

[a] AEre = E(RC) — E(1) — E(H,). [b] Activation energy: AF* = E(TS) — E(1) — E(H,). [c]
Reaction energy: AFEr = FE(2) — E(1) — E(H,). [d] Values within parentheses indicate the
corresponding free energies in toluene solution (computed at the PCM(toluene)-M06-2X/def2-
TZVPP//M06-2X-def2-TZVPP level). [e] Barrier computed with respect to the corresponding

reactant complex.

We also applied the ASM to quantitatively understand the reasons behind
the remarkably high activity of these geminal FLPs. To this end, we compared the
N/B systems having the Ph and Cg¢F; groups together with its N/Al analogue. The
corresponding ASDs in Figure 3.7 clearly indicate that the C¢Fs group enhances the
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interaction between the increasingly deformed reactants as compared to the process
involving N/BPh,, which is consistent with the higher electron-withdrawing nature
of the C¢F's group. In addition, despite its higher steric hindrance, this substituent
also induces a significant reduction of the required strain energy. As a consequence
of both effects, the barrier computed for the process involving the N/B(CgFs)2
system is significantly lower than that computed for the analogous reaction
mediated by the N/BPh, FLP. Figure 3.7 also reveals why the barrier of the process
involving the N/AI(CgF5); system is the lowest of the series. Similar to the trend
commented above when comparing the N/E’Ph, systems (E’ = B, Al, see Figure
3.4), once again, the N/Al FLP induces an additional reduction of the strain energy,
which is accompanied by a higher interaction between the deformed reactants along
the entire reaction coordinate. Thus, the combination of these favorable effects

renders the process mediated by this N/AI(CeF5). FLP the kinetically easiest

transformation.
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Figure 3.7. Comparative activation strain diagrams of the dihydrogen-activation reactions
mediated by geminal N/BPh, (solid lines), N/B(CsF5). (dashed lines), and N/AI(CsF5), (dotted
lines) FLPs along the reaction coordinate projected onto the forming N---H bond length. All data
were computed at M06-2X/def2-TZVPP level and are referenced to the isolated reactants.

The factors controlling the stronger AEi: computed for the N/B(CgF5), system
were also finally analyzed by means of the EDA method. As graphically shown in
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Figure 3.8, the beneficial effect of the CgFs; group with respect to a phenyl
substituent is mainly due to the stronger orbital interactions (mainly the key
o(H2)—pr(B) interaction) induced by this electron-withdrawing substituent. Once
again, the analogous N /Al system, despite inducing weaker orbital and electrostatic
interactions between the reactants, benefits from a much less destabilizing Pauli
repulsion as compared to its N/B counterpart. As a consequence, the process
mediated by the geminal N/AI(C¢Fs): FLP possesses the strongest interaction
energy, which is ultimately translated into the lowest activation barrier computed

for all the geminal FLPs considered in this study.
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Figure 3.8. Energy decomposition analysis of the dihydrogen-activation reactions mediated by
geminal N/BPh; (solid lines), N/B(CsF5), (dashed lines), and N/Al(CgF5): (dotted lines) FLPs along
the reaction coordinate projected onto the forming N---H bond length. All data were computed at
the ZORA-MO06-2X/TZ2P//M06-2X /def2-TZVPP level.

Conclusion

The influence of the nature of the Lewis acid/base antagonists present in
geminal FLPs (Me:E—CH>—E’Ph;) on their intrinsic reactivity has been
computationally explored. By selecting the H, activation reaction, it is found that
the corresponding barrier height steadily increases when going down in the Group

15 (N<P<As<Sb) regardless the nature of the E’ (Group 13 element) atom. In
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addition, the respective transition states become later and later, which is consistent
with the Hammond-Leffer postulate. The influence of the nature of the acidic
partner E’ (Group 13 element) is opposite (i.e., the barrier decreases from B to In)
with the notable exception of systems having E’ = Al, which systemically exhibit
the lowest activation barriers of each series. Therefore, the geminal N/Al FLP is

identified as the most active system for the dihydrogen-activation reaction.

With the help of the ASM method, the reactivity trend computed for the
variation of the Lewis base atom is ascribed to the much lower strain energy
associated to the FLP having the lighter E atom, and not to its relative basicity
strength. The trend computed for the variation of the Lewis acid is not only
ascribed to the required deformation energy but also to the stronger interaction
between the deformed reactants for processes involving heavier E’ atoms. The
peculiar behavior of the systems having E’ = Al can be mainly ascribed to the
combination of the rather low Pauli repulsion computed for these FLPs together

with significantly strong LP(N)—c*(H:) and o(H:)—p=(E’) orbital interactions.

Finally, the barrier heights can be further reduced by replacing the phenyl
groups attached to the E’ atom by strong electron-withdrawing groups, such as
CeF's or Fxyl. These groups induce a stronger interaction between the reactants
along the entire reaction coordinate as compared to phenyl groups. Interestingly,
and despite its higher steric volume, the FLPs having these groups require lower
deformation energies than their phenyl-substituted counterparts, which is
translated into much lower activation barriers computed for the processes involving
these systems. Therefore, our calculations predict that geminal N/B(CgFs), and
especially, N/AI(C¢F5); FLPs are really promising candidates to achieve facile
dihydrogen-activation reactions. In our opinion, the insight gained in this
computational study may be important for the rational design of novel FLP

hydrogenation catalysts.
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I1V. CHAPTER 2
Understanding the reactivity of neutral geminal Group 14

element /phosphorus frustrated Lewis pairs

The influence of the nature of the Group 14 elements (E = Si, Ge, Sn) on the
reactivity of (F:C;)sE—CH,—P(tBu). geminal frustrated Lewis pairs (FLPs) has
been computationally explored by means of density functional theory calculations.
To this end, the experimentally described activation reactions of CO, and phenyl
isocyanate have been investigated and compared to the analogous processes
involving the corresponding B/P geminal FLP. It is found that the reactivity of
these species is kinetically enhanced when going down the Group 14 (Si < Ge <
Sn). This trend of reactivity is quantitatively analyzed in detail by means of the
activation strain model of reactivity in combination with the energy decomposition
analysis method, which identify the interaction energy between the deformed
reactants as the main factor controlling the reactivity of these Group 14 containing

geminal FLPs.

J. Phys. Chem. A, 2019, 125, 10095-10101.
(Invited for the special issue “Paul Geerlings Festschrift”)

- 91 -



Understanding the reactivity of Frustrated Lewis Pairs

Introduction

Since the seminal report by Stephan and co-workers in 2006 of a metal-free
molecule that was able to reversibly activate dihydrogen,'! the chemistry of the
so-called frustrated Lewis pairs (FLPs) has experienced an impressive
development.>” These species are typically composed of a simple combination of a
sterically encumbered Lewis acid and Lewis base, where the severe steric demands
hamper the formation of a classical donor—acceptor bond. This particular bonding
situation leads to a unique reactivity which allows the relatively facile activation of
small molecules (such as Ho, CO, CO,, N>O, SOs,,...) or the metal-free hydrogenation

of polar multiple bonds, among other processes.’

Aiming at enhancing the activity of these systems, a good number of different
FLPs have been prepared. Among them, geminal FLPs, i.e., systems where the
donor/acceptor atoms are separated by a carbon atom, should be especially
highlighted because their preorganized molecular structure results in a significant
enhancement of the reactivity as compared to their corresponding intermolecular
FLP counterparts.®*'* Although most of these geminal FLPs are typically based on
the combination of B/N and B/P pairs, other systems including heavier Group 13

15,16 17-21

elements!™1% or transition metal fragments!™! in their structures have been prepared
to tune the Lewis acidity/basicity of the FLP antagonists. In this sense, Mitzel and
co-workers have recently prepared a series of Group 14 element containing neutral
geminal FLPs, i.e., (F:Cs)sE—CH,—P(tBu);, E = Si,” Ge,” Sn,** which have been
proven to readily activate small molecules such as CO,, SO,, CS,, HCI, or phenyl
isocyanate (Scheme 4.1), therefore resembling the reactivity of more traditional

B/P FLPs.
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Scheme 4.1. Reactivity of Group 14 element containing geminal FLPs described by Mitzel and co-
workers (see references 22-24).

Despite this evident similarity, very little is known about the actual influence
of the nature of the Group 14 element on the reactivity of these novel geminal
FLPs. For this reason, herein we decided to computationally explore the reactivity
of these species to gain detailed quantitative insight into the impact of the nature
of the Group 14 element on the reactivity. To this end, we selected the CO, and
phenyl isocyanate activation reactions that were experimentally studied by Mitzel
and coworkers.”?* The reactivity trends will be analyzed by means of the
combination of the activation strain model (ASM) of reactivity** and the energy
decomposition analysis (EDA) method.**3! This approach will be used because it
has been particularly useful to rationalize the reactivity of both intermolecular and
intramolecular (i.e., geminal) FLPs.?*® Indeed, based on the ASM-EDA method,
we proposed an orbital-controlled mechanism, complementary to the widely
36,37

339 where

accepted mechanisms suggested independently by Papai***”and Grimme,
the degree of cooperativity between the key donor—acceptor orbital interactions
along the reaction coordinate can be used as an indicator of the reaction barrier.
Thus, given the good performance of this approach in the chemistry of FLPs, the
role of the Group 14 element in the geminal (F;C)sE—CH,—P({Bu), (E = Si, Ge,

Sn) FLPs 1 will be described and compared to their parent B/P
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(PhyB—CHy—P(tBu)s, 2) counterpart, experimentally described by Slootweg,

Lammertsma, and co-workers.!!

Theoretical Methods and Computational Details

Geometry optimizations of the molecules were performed without symmetry

40

constraints using the Gaussian09 suite of programs* employing the metahybrid
MO06-2X exchange—correlation functional’’ combined with the double-{ quality
def2-SVP basis set.”>* Reactants and products were characterized by frequency
calculations and have positive definite Hessian matrices. Transition structures
(TS’s) show only one negative eigenvalue in their diagonalized force constant
matrices, and their associated eigenvectors were confirmed to correspond to the
motion along the reaction coordinate under consideration using the intrinsic
reaction coordinate (IRC) method.* In addition, the vibrational calculation
provides the thermal Gibbs energy corrections by using the gas ideal-rigid-rotor-
harmonic-oscillator approximation. Single-point energy refinements were carried
out on the gas-phase optimized M06-2X/def2-SVP geometries at the domain based
local pair-natural coupled-cluster, DLPNO-CCSD(T),* as implemented in the
program Orca 4.0.1%° using the def2-TZVP basis sets**** and the SMD* solvation
model. This level is denoted SMD(toluene)-DLPNO-CCSD-(T)/def2-TZVP//MO06-
2X/def2-SVP. Quite similar energy values were computed at the PCM(toluene)-
MO06-2X/def2-TZVPP //M06-2X /def2-SVP level, and for this reason, this level was
used for the ASM calculations. In addition, calculations including relativistic effects
indicate that the influence of these effects on the activation barriers is negligible

(see Table 4.S1 in the Supporting Information).

Activation strain model of reactivity and Energy decomposition analysis

As the ASM method has been the focus of recent reviews,”? herein we only
briefly summarize the basics of this approach. This method is a systematic
development of the energy decomposition analysis (EDA) method (see below) used
initially to understand the nature of chemical bonding in stable molecules. Within
this method, also known as distortion/interaction model,”® the potential energy
surface AE(C) is decomposed, along the reaction coordinate {, into two main

contributions, namely the strain AFy.in({) associated with the deformation (or
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distortion) experienced by the reactants during the transformation plus the

interaction AEi({) between these increasingly deformed reactants:

AE(O - AE‘strain(o + AE‘int(o

Herein the reaction coordinate is defined as the projection of the IRC onto the
forming P---C distance. This reaction coordinate { undergoes a well-defined change
in the course of the reaction from the separate reactants (or the initial reaction

complexes) to the equilibrium distance in the corresponding transition states.

The interaction AFEin({) between the strained reactants can be further
partitioned into chemically meaningful contributions by means of the EDA
method.***! Thus, AFEin({) is decomposed into the following terms along the reaction

coordinate:

AEint(C) - A%lshat(@ + AEPauli(o + AE’()H)(()

The term AVesa({) corresponds to the classical electrostatic interaction
between the unperturbed charge distributions of the deformed reactants and is
usually attractive. The Pauli repulsion AEp,ui({) comprises the destabilizing
interactions between occupied orbitals and is responsible for any steric repulsion.
The orbital interaction AEu,({) accounts for charge transfer (interaction between
occupied orbitals on one moiety with unoccupied orbitals on the other, including
HOMO—-LUMO interactions) and polarization (empty-occupied orbital mixing on
one fragment due to the presence of another fragment). Moreover, the NOCV
(natural orbital for chemical valence)® extension of the EDA method has been also
used to further partitioning the AEu;, term. The EDA-NOCV approach provides
pairwise energy contributions for each pair of interacting orbitals to the total bond

energy.

Energy decomposition analyses were carried out using the ADF.2017
program?*»
basis set’ on the geometries optimized at the M06-2X/def2-SVP level. This level is

therefore denoted M06-2X/TZ2P//M06-2X/def2-SVP.

at the same DFT level in conjunction with the triple-C quality TZ2P
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Results and Discussion

Our calculations suggest that, regardless of the Group 14 element present in
the (F;C.)sE—CH,—P(¢Bu): FLP 1, both the CO, and PhN=C=O0 activation
reactions occur in a concerted manner via a five-membered transition state (TS)
leading to the corresponding zwitterionic adduct 3 (Figure 4.1). In addition, the
process begins in most cases with the formation of an initial van der Waals reactant
complex (RC) which lies ca. 2—3 kcal/mol below the separate reactants (the
formation of these species becomes endergonic when thermal free-energy corrections
are included). The located saddle points (see also Figure 4.S1 in the Supporting
Information) are therefore associated with the simultaneous formation of the P—C
and E—O bonds with the concomitant elongation of the reactive C=0 double bond
of CO; or PhN=C=0. The computed reaction profiles strongly resemble those
reported for dihydrogen activation reactions mediated by related neutral geminal
FLPs involving Group 13 and 15 elements as Lewis antagonists,'*#**32 thus
indicating similar reactivity of these systems. Indeed, a similar reaction profile is
also computed for the process involving the parent Ph,B—CH,—P(¢Bu), FLP 2
(Figure 4.1), therefore confirming that the replacement of the highly acidic BPh,
moiety by the E(F;C,)s fragment does not modify the concerted nature of the

transformation.
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Figure 4.1. Computed reaction profiles for the CO, activation reaction mediated by geminal FLPs

(1). Relative energies (free energies within parentheses) and bond distances are given in kcal/mol
and angstroms, respectively. All data have been computed at the SMD(toluene)-DLPNO-
CCSD(T)/def2-TZVP/ /M06-2X-def2-SVP level.

From the data in Figure 4.1 and Table 4.1, it becomes clear that for both
activation reactions the corresponding barrier heights decrease when going down
the Group 14 (i.e., AE* decreases in the order E = Si > Ge > Sn). The computed
trend is consistent with the experimental observation that whereas the CO.
activation involving the silicon FLP 1-Si occurs at room temperature, the
analogous process involving its tin counterpart 1-Sn proceeds at —70 °C.% In
addition, our calculations are fully consistent with the experimental observation
that CO.is easily and reversibly bound to FLP 1-Sn at room temperature, as the
barrier for the CO, release from 3-Sn is rather low (AG* = 10.5 kcal/mol). Closer
inspection to the data in Table 4.1 indicates that the 1-Ge and 1-Sn geminal FLPs
can be even more reactive, from a kinetic point of view, than the parent B/P FLP
2. This is of course due to the strong electron-withdrawing effect of the three C.F;
substituents directly attached to the Group 14 element which greatly enhance the
Lewis acidity of the E(C:F;)s moiety. Indeed, when the fluorine atoms of these
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groups were replaced by hydrogen atoms, the CO, activation reaction mediated by
the corresponding FLP 1-Sn’ ((H;C:)sSn—CH,—P(#Bu):) does not occur. Instead,
only the expected nucleophilic addition of the phosphorus lone pair to the
electrophilic carbonyl moiety of CO, takes place, thus confirming the negligible
Lewis acidity of the Sn(C:Hs)s fragment as compared to Sn(C.F5)s.

Table 4.1. Computed activation and reaction energies (in kecal/mol, free energies in
parentheses) for geminal FLP-mediated CO, and PhNCO activation reactions.

Reaction AF* (AG?)? AER (AGR)®
(F5C),Si-CHy-P(1Bu)s (1-8i) + CO, 11.8 (23.4) 9.5 (4.2)
(F5C1);Ge-CHy-P({Bu), (1-Ge) + CO, 8.2 (18.3) 3.7 (9.3)
(F5C2)5Sn-CHy-P(tBu); (1-Sn) + CO, 7.5 (14.9) -7.7 (4.4)
Ph,B-CH,-P(Bu), (2) + CO, 9.4 (19.0) ~18.8 (-8.9)
(F5C),Si-CHy-P({Bu)s (1-Si) + PhNCO 20.0 (28.0) 219 (-5.2)
(F5C)sGe-CHaP(#Bu)s (1-Ge) + PhNCO 10.3 (25.0) ~15.8 (1.6)
(F5C1);Sn-CH,-P({Bu), (1-Sn) + PhNCO 8.1 (19.8) 220 (-5.8)
Ph,B-CH,P(tBu), (2) + PhNCO 11.6 (20.3) 333 (-19.1)

*Activation barriers, AE*, computed as AE* = E(TS) — E(RC), when E(RC) < 0
keal/mol, otherwise AE* = E(TS) — E(FLP) — E(small molecule). Free activation
barriers, AG*, computed as AE* = E(TS) — E(FLP) — E(small molecule). "Reaction
energies, AEg, computed as AFr = FE(adduct-3) — E(FLP) — E(small molecule). All
data have been computed at the SMD(toluene)-DLPNO-CCSD(T)/def2-
TZVP//M06-2X /def2-SVP level.

The activation strain model (ASM) of reactivity was applied next to gain
quantitative insight into the factors controlling the above-commented reactivity
trends. To this end, we focused on the activation reaction of phenyl isocyanate
mediated by geminal FLPs 1-Si, 1-Ge and 1-Sn. Figure 4.2 shows the
corresponding activation strain diagrams (ASDs) from the initial reactant
complexes up to the respective transition states along the IRC projected onto the
P--C bond forming distance. The considered activation reactions exhibit rather
similar ASDs in the sense that the interaction energy between the deformed
reactants, measured by the AFE.. term, becomes clearly stabilizing only at the
proximity of the transition state region. This behavior resembles that observed by
us in the dihydrogen activation reactions mediated by related geminal Group
13/Group 15 FLPs*3 therefore confirming the reactivity likeness of these species.
Closer inspection of the different ASDs in Figure 4.2 reveals that the AE, term is

decisive to govern the different reactivity of FLPs 1. Thus, the heaviest system
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IV. Chapter 2

1-Sn benefits from the strongest interaction between the deformed reactants along
the entire reaction coordinate. Similarly, the AE, term is also slightly more
stabilizing for the process involving 1-Ge than for the process involving the lighter
FLP 1-Si. As a result, the computed trend in reactivity (1-Si < 1-Ge < 1-Sn)
follows the trend in the computed interaction between the deformed reactants.
Despite that, the interaction term is not solely responsible for the computed
different reactivity. As shown in Figure 4.2, the heavier systems 1-Ge and 1-Sn
also benefit from a less destabilizing strain energy, albeit to a lesser extent than the
AE, term. This is mainly due to the fact that the heavier systems already possess
an initial equilibrium geometry that better fits into the corresponding transition
state structure as compared to its silicon counterpart. Therefore, the stronger
interaction between the reactants along the entire process together with a lower
energy required to deform them from their equilibrium geometries become the
factors which lead to the computed reactivity enhancement of the Group 14/P

geminal FLPs when moving down from E = Si to E = Sn.

25

50  —®—1-8i+PhNCO
~-o--1-Ge + PhNCO
151 = 1-8n+PhNCO

10 H

AE / kcal mol™

-10 -

-15 p T T T T T T T
3.4 3.2 3.0 2.8 2.6

Figure 4.2. Comparative activation-strain diagrams of the phenyl isocyanate activation reactions
mediated by geminal FLPs 1-Si (solid lines), 1-Ge (dashed lines), and 1-Sn (dotted lines) along
the reaction coordinate projected onto the forming P---C bond distance. All data have been computed
at the PCM(toluene)-M06-2X /def2-TZVPP//M06-2X /def2-SVP level.

- 99 -



Understanding the reactivity of Frustrated Lewis Pairs

The crucial role of the interaction between the reactants along the process,
which mainly controls the entire transformation, deserves further analysis. To this
end, the energy decomposition analysis (EDA) method was next applied to
quantitatively assess the different contributors to the total interaction energy.
Figure 4.3 graphically shows the evolution of the different EDA terms along the
reaction coordinate, once again from the initial reactant complexes up to the
respective transition states, for the activation reaction of phenyl isocyanate
mediated by geminal FLPs 1-Si, 1-Ge, and 1-Sn. According to the data in Figure
4.3, it becomes evident that the major contributor to the total interaction between
the deformed reactants is the electrostatic attractions (A Vi), which is not
surprising considering the zwitterionic nature of the reaction product (3) in all
cases. The orbital interaction, measured by the AFE., term, between the reactants,
although lower than A Ve, is also remarkable (its contribution amounts ca. 38%

to the total interaction in the corresponding transition states).

60 —m—1-Si + PhANCO
--a-- 1-Ge + PANCO
~x-- 1-8n + PANCO

N
o
]

X

N
o
1

AE / kcal mol™’
(@]

=20 -
-40 -
&
& AVelstat
-60 T ' T T T ' T
3.4 3.2 3.0 2.8 2.6

r(P--C)/A

Figure 4.3. Comparative energy decomposition analyses of the phenyl isocyanate activation
reactions mediated by geminal FLPs 1-Si (solid lines), 1-Ge (dashed lines) and 1-Sn (dotted lines)
along the reaction coordinate projected onto the forming P--C bond distance. All data have been
computed at the M06-2X /TZ2P//M06-2X /def2-SVP level.
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This finding is compatible with the two widely accepted models for the activation
of small molecules by FLPs, namely, Papai’s electron-transfer model,***7 which is
based on cooperative orbital interactions, and Grimme’s electric-field model,*
where electrostatic interactions are key. Both attractive terms (A Vesar and AFEom)
offset the strong destabilizing effect of the Pauli repulsion term, AEp,u, and as a
result, the total interaction energy between the reactants is stabilizing along the

entire process, and particularly, at the transition state region.

When comparing the different EDA terms for the processes involving 1-Si
and 1-Ge, one realizes that the origin of the slightly stronger total interaction
between the reactants computed for the reaction involving the heavier FLP is
mainly due to slightly stronger orbital interactions (and less destabilizing AEpau,
albeit to a lesser extent). The situation for the transformation involving 1-Sn is
much more different. In this particular case, both the electrostatic and orbital
interactions are significantly stronger than those for the analogous processes
involving 1-Si or 1-Ge. For instance, at the same consistent P---C forming bond
distance of 2.7 A, AViga = —37.4 kcal/mol, and AE,, = —15.7 keal/mol for the
1-Si + PhNCO reaction, whereas much more stabilizing (.e., more negative) values
were computed for the analogous 1-Sn + PhNCO reaction (A Ve = —45.9
kcal/mol and AE., = —23.7 kecal/mol).

The nature of the molecular orbital interactions and their relative
contribution to the total orbital interaction term AE., can be further analyzed by
means of the NOCV extension of the EDA method. According to the EDA-NOCV
data, a main pairwise orbital interaction (AE(p)) dominates the AF,, term. This
interaction corresponds to the donation of electron density from the lone pair of
the phosphorus atom of the FLP (i.e., the HOMO of species 1) to the LUMO of
the phenyl isocyanate, that is, the LP(P)—7z*(C=0) molecular orbital interaction
(see Figure 4.4). According to the evolution of this molecular orbital interaction
(see Figure 4.5), the LP(P)—z*(C=0) charge transfer continuously reinforces and
dominates up to the transition state region, where the reverse donation from the
negatively charged oxygen atom of the isocyanate to the E(C.F;)s moiety (AE(p),
Figure 4.4) starts to take place. Therefore, both key donor—acceptor orbital
interactions occur along the reaction path but at different stages of the
transformation, which confirms our previously reported cooperative and

asynchronous mode of action of FLPs in related dihydrogen activation reactions.*>
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(a) 1-Si + PhANCO

AE(pq) =—8.4 kcal/mol AE(p,) =—-2.8 kcal/mol

(b) 1-Sn + PhNCO

AE(p4) =—12.6 kcal/mol AE(p,) =-5.1 kcal/mol

Figure 4.4. Contour plots of NOCV deformation densities Apand associated energies AE(p) (in
kcal/mol) for the main orbital interactions between PhNCO and geminal FLPs 1-Si (a) and 1-Sn
(b) computed at the same consistent P--C forming bond distance of 2.7 A. Electronic charge flows
from red to blue. All data were computed at the M06-2X/TZ2P//M06-2X /def2-TZVPP level.

Interestingly, the data gathered in Figure 4.4 and 4.5 clearly indicate that
both orbital interactions are significantly stronger for the process involving the
heavier FLP 1-Sn than for the analogous process involving its silicon counterpart
1-Si. For instance, at the same consistent P--C forming bond distance of 2.7 A,

AE(p)) = —12.6 kcal/mol and AE(p,) = —5.1 kcal/mol for the 1-Sn + PhNCO
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reaction, whereas much less stabilizing (i.e., less negative) values were computed
for the analogous reaction involving 1-Si (AE(p1) = —8.4 kcal/mol and AE(p,) =
—2.8 kcal/mol). The higher AE(py) orbital interaction in the process involving 1-Sn
can be directly ascribed to a more efficient overlap between the involved molecular
orbitals (S = 0.045 and 0.032, for the reactions involving 1-Sn and 1-Si
respectively, at the same consistent P--C forming bond distance of 2.7 A).
Therefore, according to our EDA-NOCV calculations, the origin of the much
stronger interaction between the reactants for the process involving the heaviest
geminal FLP 1-Sn as compared to its lighter congeners can be found in the
combination of stronger electrostatic and orbital (mainly the LP(P)—7z*(C=0)
interaction) attractions between the reactants along the entire coordinate, and
particularly at the transition state region. These factors together with the much
lower distortion energy (AFimin) computed for this particular system are ultimately
responsible for the enhanced reactivity of the geminal FLP 1-Sn as compared to

1-Si or 1-Ge.

0 -
o o J
-5 O O e o
=)
5
£ 10
© u
O —e— 1-Si + PhCNO
AE
- 5 1-8n + PhCNO (p4)
w 0
< .15 4
-20 -
' 1 = I i 1 y |
3.4 3.2 3.0 2.8 2.6

r(P--C)/ A

Figure 4.5. Evolution of the NOCV components for the PhNCO activation reactions mediated by
FLP 1-Si (solid lines) and 1-Sn (dotted lines) along the reaction coordinate projected onto the
forming P--C bond distance. All data have been computed at the M06-2X/TZ2P//M06-2X/def2-
SVP level.
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Conclusion

From the computational study reported herein, the following conclusion can
be drawn: (i) Group 14 element containing geminal frustrated Lewis pairs react
similarly to more traditional B/P geminal FLPs when the Group 14 element is
surrounded by strong electron withdrawing substituents. (ii) In this sense, both the
CO; and phenyl isocyanate activation reactions proceed in a concerted manner
through the corresponding five-membered transition states, which lead to the
experimentally observed zwitterionic reaction products. (iii) Despite that,
significant reactivity differences are observed when modifying the nature of the
Group 14 element. Thus, the process becomes kinetically favored (i.e., it proceeds
with a lower activation barrier) when going down in Group 14 (reactivity order: E
= Si < Ge < Sn). (iv) According to the ASM approach, this is mainly due to the
comparatively much stronger interaction between the deformed reactants along the
entire coordinate computed for the reactions involving the heavier systems. In
addition, the required strain energy is also less destabilizing for these processes as
compared to the analogous activation reaction involving their silicon counterpart.
(v) The crucial role of the interaction energy has been also analyzed by means of
the EDA-NOCV method. According to this method, the combination of the much
stronger electrostatic and orbital (mainly the LP(P)—-n*(C=0) interaction)
attractions between the reactants along the entire coordinate, and particularly at
the transition state region, is responsible for the stronger total interaction computed
for the process involving the geminal FLP 1-Sn as compared to 1-Si. (vi) Our work
has therefore shed more light into the so far poorly understood influence of the
nature of the Group 14 element on the reactivity of geminal FLPs, which may be

useful for the future rational design of novel systems.
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 Moreover, the computed reaction rate for the reaction involving 1-Sn and PhCNO is, according

1

to the Eyring equation, k™" = 0.019 s', which is translated into t1/2 = 36 s. This indicates that the
process should occur almost instantaneously, as experimentally observed (see ref 24). This finding

further supports the selected computational methodology for this work.
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Supporting Information

TS-1-Ge (PhNCO)

Ts-1-Si (CO,) T5-1-Sn (CO,)

TS-1-Sn’ (CO,)

Figure 4.S1. Optimized transition state geometries for the FLP 1-E (E=Si, Ge, Sn) and FLP
1-Sn’ mediated CO, and phenyl isocyanate activation reactions. Bond lengths are given in

angstroms.
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Table 4.S1. Effect of the inclusion of relativistic effects in the calculations on the
activation barriers.

Reaction AE#E AE#P
1-Si + CO. 10.0 10.5
1-Ge + CO, 7.6 7.8
1-Sn + CO. 6.9 6.7

1-Si + PhNCO 18.5 18.3
1-Ge + PhNCO 11.3 11.3
1-Sn + PhNCO 9.8 10.2

Computed activation barriers, AE* = E(TS) — E(RC). [a] Computed at the
PCM(toluene)-M06-2X/def2-TZVPP //M06-2X /def2-SVP level. [b] Computed at
the ZORA-COSMO (toluene)-M06-2X/TZ2P//M06-2X /def2-SVP.
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Aromaticity can enhance the reactivity of P-donor/borole

frustrated Lewis pairs

Geminal frustrated Lewis pairs (FLPs) having a borole fragment as the Lewis
acid partner constitute really promising candidates to achieve facile small molecule
activation reactions. The predicted enhanced reactivity of these species, as
compared to more traditional FLPs, finds its origin in the loss of the antiaromatic

character of the borole moiety along the reaction coordinate.

Chem. Commun., 2019, 55, 675-678.
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Frustrated Lewis pairs (FLPs) are species typically composed of a pair of a
sterically encumbered Lewis acid and Lewis base, which prevents the formation of
a classical donor—acceptor bond between both centers.! Due to this particular
bonding situation, these compounds exhibit a unique reactivity as a result of the
cooperative action of the FLP antagonists. Thus, FLPs have emerged as potential
metal-free catalysts able to, among other processes, activate small molecules (H,,
CO, CO», SO, N>O, etc.).! Owing to this rich reactivity, in most cases restricted to
transition metals, the chemistry of FLPs has attracted much attention since the

seminal report by Stephan and co-workers in 2006.

Much progress has been made, particularly in recent years, to produce more
active systems. Among them, intramolecular FLPs (where the Lewis pairs are part
of the same molecule)® and systems having transition-metal fragments in their
structures® should be specially highlighted. Despite that, the vast majority of FLPs
are still based on the combination of B/N or B/P pairs, with the boron center
typically attached to electron-withdrawing substituents. Aiming at developing more
active FLPs, herein we shall introduce a novel concept in FLP chemistry:

aromaticity as the key factor enhancing the reactivity of FLPs.

To this end, we focused on a particular FLP, the geminal tBu,P—CH>—BPh,
(1) system, synthesized by Slootweg, Lammertsma and co-workers,” whose
preorganized structure results in a remarkable reactivity for small molecule
activations without the need for strongly electron-withdrawing substituents
attached to the boron center. We computationally® replaced the BPhs; moiety by
the sterically hindered tetraphenyl-borole fragment (2a, Scheme 5.1), whose
antiaromatic nature was confirmed previously by Braunschweig, some of us and
co-workers.” Our initial hypothesis follows: the gain of aromaticity in the borole
moiety during the activation of a small molecule (H,, CO,, CS,, HC=CH, SiH4 and
CHy in our calculations, Scheme 5.1) should result in a gain of stability in both the
corresponding transition state, therefore leading to a lower barrier transformation,
and in the final zwitterionic adduct, therefore making the process

thermodynamically more favourable.
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H, CO, CS,
Bu:P B+ [oCH, CH, SiH,
B =BPh, (1
Ph CeFs
CBFS
B=B | (2a) B=B
PH CGF5

rBU2F5+\/ B~
adduct
Ph
Bi( (3)
Ph

Scheme 5.1. FLP-mediated small molecule activation reactions considered herein.

In agreement with previous results involving the dihydrogen activation
mediated by the parent FLP 1° and related geminal systems,® our calculations
confirm that the heterolytic Ho-splitting occurs in a concerted manner via a
five-membered transition state (T'S-1) and through the formation of an initial van
der Waals reactant complex (RC-1) which lies ca. 2 kcal mol™* above the separate
reactants (this energy difference becomes higher when including thermal free energy
corrections, see Fig. 5.1). Although the computed reaction profile for the process
involving the 4m-electrons borole-containing FLP 2a is rather similar, the
dihydrogen activation becomes both kinetically and thermodynamically (AAE* =
5.5 kecal mol™! and AAER = 12.5 kcal mol ™, respect to the separated reactants) more
favoured than the analogous process involving FLP 1.%Y This finding is fully
consistent with the Hammond postulate.!! Indeed, closer inspection of the transition
states depicted in Fig. 5.1 clearly reveals that TS-2a is earlier than its TS-1
counterpart. Not surprisingly, the replacement of the phenyl groups by the more
electron-withdrawing pentafluorophenyl groups in the borole moiety leads to an
even more active FLP (compound 2b) as confirmed by the low barrier and high
exothermicity computed for the analogous dihydrogen activation (AE* = 11.7 kcal
mol ™! and AFr = —26.4 kcal mol™!, see Table 5.1). In sharp contrast, the process
involving FLP 3, having a 2n-electrons aromatic borirene fragment in its structure,
proceeds with a much higher barrier (AE# = 31.9 kcal mol™!) in an endothermic
reaction (AEr = 5.0 kcal mol™, see Table 5.1). Therefore, these results point to a
clear influence of the aromaticity of the B-heterocycle on the reactivity of these

geminal FLPs.
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Figure 5.1. Comparative computed reaction profiles for the dihydrogen activation mediated by
FLPs 1, 2a and 3. Relative energies (free energies within parentheses) and bond distances are given

in kcal mol ' and angstroms, respectively. All data have been computed at the PCM(toluene)-M06-
2X/def2-TZVPP//M06-2X /def2-SVP level.

Similar concerted reaction profiles were also found for the activation of the
rest of the small molecules considered in this study (for the corresponding transition
state structures involving 2a, see Fig. 5.S1 in the Supporting Information). Indeed,
in all cases, the processes involving the borole-substituted FLPs 2a and 2b
systematically occur with lower activation barriers and are more exothermic than
the analogous processes involving the parent system 1 (Table 5.1). Strikingly, even
the C,s—H activation of methane, a process which has been not achieved in FLP
chemistry so far, could be feasible by using the highly active borole-containing FLP
2b in polar solvents such as dichloromethane (AE* = 32.1 kcal mol™ and AEx =
—16.4 kcal mol !, see Table 5.1). Therefore, our calculations predict that the borole
containing FLPs (2a,b) are really promising candidates to achieve facile small

molecule activation reactions. As expected, FLP 3, which possesses the 2n-electrons

- 112 -



V. Chapter 3

aromatic borirene, is confirmed to be the least active system in all cases (see Table
5.1).2

Table 5.1. Computed activation and reaction energies (in kcal mol™!) for geminal FLP-mediated
small molecule activation reactions.

Reaction AE* 2 AG* AERP AGRgP
1+ 22.4 (21.1) 28.9 (27.5) 5.7 (-6.9) 02 (1.1)
2a + H, 16.9 (16.0) 24.9 (24.0) 18.2 (-18.8) 107 (-11.3)
2b + M, 11.7 (11.7) 19.9 (19.9) 26.4 (-25.8) 19.3 (-18.7)
3+ H 31.9 (31.3) 39.1 (38.5) 5.0 (2.8) 11.4 (9.2)
1+CO, 7.5 (9.6) 17.0 (19.1) T18.6 (_18.9) 87 (9.0
2a + CO, 5.8 (7.5) 17.1 (18.7) -23.0 (-22.2) ~10.4 (-9.6)
2b + CO, 5.7 (7.2) 17.4 (18.9) ~26.6 (-26.3) ~14.8 (~14.5)
3 + CO, < 6.6 (-5.8) 6.4 (7.2)
1+ CS, 13.6 (13.7) 23.8 (23.8) 7224 (-25.0) 101 (C12.7)
2a + CS, 8.3 (6.3) 20.4 (18.4) -30.7 (-33.6) 181 (-21.0)
2b + CS, 7.1 (5.4) 19.4 (17.7) -33.9 (-36.9) 90.8 (-23.8)
3+ CS, . 143 (-16.1) 2.0 (-3.8)
1 1 Ho=Cl 23.0 (22.2) 33.1 (32.3) T17.3 (C17.6) 6.9 (7.3)
2a + HO=CH 16.0 (15.2) 97.3 (26.6) 95.9 (-26.3) 14.4 (-14.9)
2b + HC=CH 11.0 (11.0) 21.3 (21.3) 30.8 (-30.8) 719 7 (-19.7)
3 | HC=CH 20.5 (29.4) 40.1 (39.9) 6.7 (-8.1) 7 (1.3)
1+ Sifl, 30.8 (30.4) 41.3 (41.0) 3.9 (4.7) 6.3 (5.6)
2a + Sifl, 25.3 (25.6) 36.5 (36.8) 13.3 (-13.8) 2.1 (-2.5)
2b + SiH, 20.1 (21.3) 30.6 (31.8) 23.0 (-22.4) “12.1 (-11.5)
3 + Sill, 38.1 (38.4) 49.5 (49.8) 8.2 (7.1) 18.7 (17.6)
1+ CH, 445 (44.2) 54.7 (54.3) 2.5 (1.5) 12.4 (11.4)
2a + CH, 30.2 (38.6) 49.9 (49.3) 5.3 (-6.5) 5.7 (4.5)
2b + CH, 32.4 (32.8) 42.1 (42.5) 14.1 (-13.8) 4.0 (-3.7)
2b + CH/! 32.1 (32.0) 41.8 (41.7) 16.4 (-16.5) 6.4 (-6.4)
3+ CH, 55.6 (55.5) 65.7 (65.6) 12.1 (10.4) 92.6 (20.9)

* Activation barriers, AE*, computed as AE* = E(TS) — E(FLP) — E(small molecule). * Reaction
energies, AEr, computed as AEr = E(adduct) — E(FLP) — E(small molecule). © See reference 12.
4 Data computed using dichloromethane as solvent. Plain values have been computed at the
PCM(toluene)-M06-2X /def2-TZVPP//M06-2X /def2-SVP  level — whereas  values  within
parentheses were computed at the SMD(toluene)-DLPNO-CCSD(T)/def2-TZVP//M06-2X /def2-
SVP level.

The influence of the aromaticity of the borole moiety in the reactivity was
next analysed in detail. To this end, we first assessed the aromaticity of the key
points along the reaction coordinate of borole-FLP mediated dihydrogen activation
reaction (i.e. initial reactant 2a, transition state TS-2a and corresponding adduct).
To this end, we computed the respective isotropic Nuclear Independent Chemical
Shift (NICS) values,” NICS(0)," as well as its out-of-plane tensor component
computed 1 A above, NICS (1),,, which typically performs better for planar rings.**
The data in Table 5.2 and Fig. 5.2 clearly indicate that the highly antiaromatic
character of the FLP 2a (NICS(1). = +24.9 ppm) vanishes along the reaction
coordinate. This finding becomes evident in the final zwitterionic adduct which can

be considered as a non-aromatic species in view of its negligible NICS(1),, value of
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1.3 ppm (NICS(0) = 1.4 ppm). A similar conclusion can be drawn by applying the
Anisotropy of the Induced Current Density (ACID) method,' which can be used
to visualize the nature of the electronic circulation within the ring. As depicted in
Fig. 5.2, the strong paratropic (i.e. antiaromatic, anticlockwise vectors) ring current
in 2a becomes weaker and weaker as the reaction progresses. Indeed, in the final
adduct, the attachment of the hydride to the boron atom provokes a clear
interruption of the induced current within the five-membered ring, therefore making

this species non-aromatic, which is fully consistent with the computed NICS values.

adduct-2a (non-aromatic)
NICS(1),, = 1.3 ppm

Figure 5.2. Computed ACID plots for the key points of the dihydrogen activation reaction
mediated by FLP 2a (isosurface value of 0.04).

The above results clearly confirm that FLP 2a becomes more and more
aromatic (i.e. less and less antiaromatic) as the activation reaction progresses. A
similar aromaticity trend is found for the analogous process involving FLP 2b and

for the rest of the small molecule activation reactions considered in this study
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(Table 5.2). At variance, the opposite trend is found for the process involving FLP
3. In this particular case, the initial aromaticity of the 2m-borirene fragment
(NICS(1).. = —15.5 ppm) becomes lower and lower as the reaction progresses. This
loss of aromaticity, i.e. loss of stability, is reflected into the high barrier and
reaction energies computed for the processes involving this FLP, which are even
higher than the values computed for the parent FLP system 1 (see Table 5.1).
Therefore, it becomes evident that the aromaticity of the B-heterocycle efficiently

controls the reactivity of these geminal FLPs.

Table 5.2. Computed isotropic NICS(0) and refined NICS(1),, (within
parentheses), in ppm, of the key points along the reaction coordinate
of the considered FLP-mediated small molecule activation reactions.

Reaction FLP TS Adduct
2a + H; 13.9 (24.9) 4.2 (7.5) 1.4 (1.3)
2b + H; 14.0 (24.4) 4.4 (7.7) 1.7 (1.8)
3 + Hs (-15.5) (-9.4) (-6.0)°
2a + COq 13.9 (24.9) 11.4 (20.7) 3.8 (7.5)
2b + CO, 14.0 (24.4) 7.9 (13.7) 4.2 (7.5)
3 + CO, (=15.5)* b (-8.5)®
2a + CS, 13.9 (24.9) 7.5 (12.9) 3.3 (5.6)
2b + CS; 14.0 (24.4) 5.7 (9.0) 3.8 (6.0)
3+ CSy (-15.5)" —b (-8.5)

2a + HC=CH 13.9 (24.9) 5.2 (7.5) 1.9 (2.3)
2b + HC=CH 14.0 (24.4) 5.4 (7.4) 2.1(2.9)
3 + HC=CH (-15.5)2 (-9.3)2 (-8.7)?
2a + SiHy 13.9 (24.9) 3.0 (5.6) 1.6 (1.8)
2b + SiH, 14.0 (24.4) 3.6 (5.3) 2.0 (2.1)
3 + SiH, (=15.5)" (-11.6)° (-5.9)®
2a + CH,4 13.9 (24.9) 3.3 (5.0 1.3 (1.4)
2b + CH, 14.0 (24.4) 3.8 (5.2) 1.5 (1.0)
3 + CH, (-15.5)° (-9.5)° (=7.7)?

* Only the NICS(1)., value is given as the isotropic NICS(0) value is
highly contaminated by local shielding effects of the nearby bonds (see
ref. 17). * See ref. 12. All data (have been computed at the GIAO-
B3LYP/def2-SVP//M06-2X /def2-SVP level.

The clear relationship between aromaticity and the computed lower (as
compared to the parent system 1) reaction barriers was finally addressed. Fig. 5.3
shows the evolution of the aromaticity (measured by the NICS values) along the
reaction coordinate of the parent dihydrogen activation mediated by 2a from the
initial reactant complex up to the corresponding transition state. As commented
above, the NICS values become less and less positive (that is, the system becomes
less and less antiaromatic) and reach their minimum value at the transition state,
the point where the barrier is defined. Interestingly, both NICS curves are a mirror
image of the total energy AFE, which constitutes a clear indication of a strong

correlation between both parameters. Indeed, very good linear correlations were
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found when plotting the NICS values versus the AE values (R? = 0.992 and 0.986,
for NICS(0) and NICS(1)., respectively, see Fig. 5.4), thus confirming the close
relationship between both values. Therefore, it is confirmed that there is a dramatic
influence of the aromaticity strength of the 4m-borole moiety on the intrinsic
reactivity of the borole-containing FLPs. The gain in aromaticity along the reaction
coordinate is translated into a substantial gain in stability which ultimately results
in a remarkable enhancement of the reactivity of geminal FLPs having a borole

fragment as the Lewis acid partner.

T e— =
_—‘_------....__ . ( )Zz
....__._.....,_____1_ ‘ AE
20 4 : _20
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1 ~ 3.0 25 2.0 15
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Figure 5.3. Evolution of the aromaticity and energy along the reaction coordinate (from RC to
TS) for the dihydrogen activation reaction mediated by FLP 2a.
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Figure 5.4. Plot of the NICS values vs the energy along the reaction coordinate (from RC to TS)
for the dihydrogen activation reaction mediated by FLP 2a.

In summary, in this work we have introduced a novel concept in FLP
chemistry, 7.e. aromaticity as a key factor enhancing the reactivity of geminal FLPs.
By means of DFT calculations, it is predicted that geminal FLPs having a borole
fragment as the Lewis acid partner constitute really promising candidates to achieve
facile small molecule activations. This is due to the loss of its antiaromatic character
along the reaction coordinate which is translated into much more favourable
transformations, as compared to the already active FLP tBu,P—CH,—BPh,. These
predicted highly active borole-FLPs open doors to the otherwise unfeasible
activations of inert bonds (such as C,,;—H bonds) mediated by traditional FLPs. In
our opinion, the contents of this work will motivate the rational design of novel

borole-based FLP species.

- 117 -



Understanding the reactivity of Frustrated Lewis Pairs

References

'For leading reviews, see: (a) D. W. Stephan and G. Erker, Angew. Chem., Int. Ed., 2010, 49, 46;
(b) G. Erker, Pure Appl. Chem., 2012, 84, 2203; (¢) D. W. Stephan and G. Erker, Frustrated Lewis
Pairs I, Topics in Current Chemistry, 2013, vol. 332, (d) D. W. Stephan and G. Erker, Chem. Sci.,
2014, 5, 2625; (e) D. W. Stephan, J. Am. Chem. Soc., 2015, 137, 10018; (f) D. W. Stephan and G.
Erker, Angew. Chem., Int. Fd., 2015, 5/, 6400; (g) D. W. Stephan, Acc. Chem. Res., 2015, 48,
306; (h) D. W. Stephan, Science, 2016, 35/, aaf7229; (i) W. Meng, X. Feng and H. Du, Acc. Chem.
Res., 2018, 51, 191; (j) J. Paradies, Eur. J. Org. Chem., 2019, 283.

2 G. C. Welch, R. R. San Juan, J. D. Masuda and D. W. Stephan, Science, 2006, 314, 1124.

? Selected representative examples: (a) C. Appelt, H. Westenberg, F. Bertini, A. W. Ehlers, J. C.
Slootweg, K. Lammertsma and W. Uhl, Angew. Chem., Int. Ed., 2011, 50, 3925; (b) C. Appelt, J.
C. Slootweg, K. Lammertsma and W. Uhl, Angew. Chem., Int. Fd., 2012, 51, 5911; (c) S. Roters,
C. Appelt, H. Westenberg, A. Hepp, J. C. Slootweg, K. Lammertsma and W. Uhl, Dalton Trans.,
2012, 41, 9033; (d) C. Appelt, J. C. Slootweg, K. Lammertsma and W. Uhl, Angew. Chem., Int.
Ed., 2013, 52, 4256; (e) W. Uhl and E.-U. Warthwein, Top. Curr. Chem., 2013, 334, 101; (f) W.
Uhl, C. Appelt, J. Backs, H. Westenberg, A. Wollschldger and J. Tannert, Organometallics, 2014,
33, 1212; (g) M. Devillard, R. Declercq, E. Nicolas, A.W. Ehlers, J. Backs, N. Saffon-Merceron, G.
Bouhadir, J. C. Slootweg, W. Uhl and D. Bourissou, J. Am. Chem. Soc., 2016, 138, 4917; (h) L.
Keweloh, H. Klécker, E.-U. Wiirthwein and W. Uhl, Angew. Chem., Int. Ed., 2016, 55, 3212.

! See, for instance: (a) A. M. Chapman, M. F. Haddow and D. F. Wass, J. Am. Chem. Soc., 2011,
133, 18463; (b) D. F. Wass and A. M. Chapman, Top. Curr. Chem., 2013, 33/, 261; (c) A. T.
Normand, P. Richard, C. Balan, C. G. Daniliuc, G. Kehr, G. Erker and P. Le Grendre,
Organometallics, 2015, 34, 2000; (d) X. Xu, G. Kehr, C. G. Daniliuc and G. Erker, J. Am. Chem.
Soc., 2015, 137, 4550; (e) S. Arndt, M. Rudolph and A. S. K. Hashmi, Gold Bull., 2017, 50, 267.
’ (a) F. Bertini, V. Lyaskovskyy, B. J. J. Timmer, F. J. J. de Kanter, M. Lutz, A. W. Ehlers, J.
Chris Slootweg and K. Lammertsma, J. Am. Chem. Soc., 2012, 134, 201; (b) K. Samigullin, I.
Georg, M. Bolte, H.-W. Lerner and M. Wagner, Chem. Fur. J., 2016, 22, 3478; (c) E. R. M.
Habraken, L. C. Mens, M. Nieger, M. Lutz, A. W. Ehlers and J. C. Slootweg, Dalton Trans., 2017,
46, 12284,

6 All calculations were carried out at the PCM(toluene)-M06-2X/def2-TZVPP //M06-2X /def2-SVP
level. See computational details in the SI.

" H. Braunschweig, I. Ferndndez, G. Frenking and T. Kupfer, Angew. Chem., Int. Ed., 2008, 47,
1951.

® (a) D. Yepes, P. Jaque and 1. Ferndndez, Chem. Fur. J., 2016, 22, 18801; (b) J. J. Cabrera-
Trujillo and 1. Ferndandez, Chem. FEur. J., 2018, 24, 17823.

9 Typically, more active FLPs with H, also means less effective systems in hydrogenation catalysis.
Indeed, despite borole-containing FLP 2a is more active than 1 for the activation of Hs, our
calculations also confirm that the latter species is more efficient for the subsequent hydrogenation
of multiple bonds. For instance, the computed free energy barriers for the hydrogenation of
formaldehyde mediated by the Hx-adducts derived from 1 and 2a are 18.8 and 24.0 kcal mol™,
respectively (see Fig. 5.52 in the SI).

10 Although the use of more acidic B fragment might tolerate a lower basicity donor, our calculations
replacing the PtBu, fragment by PPh, indicate that these related systems are much less active
(computed H, activation barriers of 27.1 and 22.4 kcal mol!, for 1-PPh, and 2a-PPhs,
respectively).

" (a) J. E. Leffler, Science, 1953, 117, 340; (b) G. S. J. Hammond, J. Am. Chem. Soc., 1953, 75,
334.

- 118 -



V. Chapter 3

12 For the processes involving the much less active FLP 3 and CO, or CS,, instead of the expected
P/B cooperative activation reaction, only the nucleophilic addition reaction of the phosphine to the
electrophilic carbon atom was found.

1* 7. Chen, C. S. Wannere, C. Corminboeuf, R. Puchta and P. v. R. Schleyer, Chem. Rev., 2005,
105, 3842.

" Tsotropic NICS(0) values were computed at the [3, +1] ring critical point of the borole moiety.
This point was chosen due to its high sensitivity to diamagnetic effects and its unambiguous
character.

1> H. Fallah-Bagher-Shaidaei, C. S. Wannere, C. Corminboeuf, R. Puchta and P. v. R. Schleyer,
Org. Lett., 2006, 8, 863.

' D. Geuenich, K. Hess, F. Kohler and R. Herges, Chem. Rev., 2005, 105, 3758.

7 (a) I. Fernandez, M. Duvall, J. I. Wu, P. v. R. Schleyer and G. Frenking, Chem. Fur. J., 2011,
17, 2215; (b) I. Fernédndez, J. I. Wu and P. v. R. Schleyer, Org. Lett., 2013, 15, 2990.

- 119 -



Understanding the reactivity of Frustrated Lewis Pairs

Supporting Information

TS-2a (CO,) TS-2a (SiH,)

TS-2a (CS,) TS-2a (CH,)

Figure 5.S1. Transition states for the FLP 2a-mediated small molecule activation reactions

considered in this study. Bond lengths are given in angstroms. All data have been computed at the
M06-2X /def2-SVP level.
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Figure 5.S2. Comparative computed reaction profiles for the hydrogenation reaction of
formaldehyde mediated by Ho-adducts derived for FLPs 1 and 2a. Relative energies (free energies
within parentheses) and bond distances are given in kcal /mol and angstroms, respectively. All data
have been computed at the PCM(toluene)-M06-2X /def2-TZVPP //M06-2X /def2-SVP level.
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def2-SVP basis set.® Reactants and products were characterized by frequency
calculations, and have positive definite Hessian matrices. Transition structures
(TS’s) show only one negative eigenvalue in their diagonalized force constant
matrices, and their associated eigenvectors were confirmed to correspond to the
motion along the reaction coordinate under consideration using the Intrinsic
Reaction Coordinate (IRC) method.* In addition, the vibrational calculation
provides the thermal Gibbs energy corrections by using the gas ideal-rigid-rotor-
harmonic-oscillator approximation. Solvent effects were taken into account by
means of the Polarizable Continuum Model (PCM)® using the gas-phase optimized
geometries at the same DFT level in conjunction with the triple-{ quality def2-
TZVPP basis set.> This level is denoted PCM(solvent)/M06-2X/def2-
TZVPP//M06-2X/def2-SVP. Moreover, more accurate energies were computed at
the Domain Based Local Pair-Natural Coupled-Cluster (DLPNO-CCSD(T))¢ as
implemented in Orca 4.0.17 using the def2-TZVP basis sets® and the SMD?® solvation
model on the M06-2X/def2-SVP geometries. This level is denoted SMD(solvent)-
DLPNO-CCSD(T)/def2-TZVP //M06-2X-def2-SVP.

The aromaticity of the considered species has been assessed by the
computation of the NICS® values computed at the [3,+1] ring critical point of the

10

electron density! using the gauge invariant atomic orbital (GIAO) method," at the
B3LYP® level using the def2-SVP basis set, with the optimized M06-2X/def2-SVP
geometries. This scheme is denoted as GIAO-B3LYP/def2-SVP//M06-2X/def2-
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VI. CHAPTER 4
Carbones and heavier ylidones (EL:) in frustrated Lewis pair
chemistry: Influence of the nature of EL. on dihydrogen

activation

The role of carbones (CL,; L. = phosphines vs carbenes) as Lewis bases in
dihydrogen (H:) activation reactions in the presence of the Lewis acid B(C¢F5)s has
been computationally explored by means of density functional theory calculations.
To this end, the interaction between H, and the [carbone--B(CgF5)s] pair along the
reaction coordinate has been quantitatively analyzed in detail and compared to the
parent [tBusP--B(CgF5)s] frustrated Lewis pair. In addition, the influence on the
reactivity of both the nature of the central E atom and the surrounding ligands in
ylidones (EL:) has also been considered. It is found that the activation barrier of
the H, activation reaction as well as the geometry of the corresponding transition
states strongly depends on the nature of both E and L in the sense that lower
barriers are systematically associated with earlier transition states. Our calculations
identify heavier EL. as the most active systems to achieve facile H, activation

reactions.

Inorg. Chem., 2019, 58, 7828-7836.
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Introduction

The term “carbone” was coined by Frenking and co-workers to refer to a
family of divalent carbon(0) compounds CL; whose central carbon atom retains all
four valence electrons as two lone pairs and where bonding to the adjacent o-donor
ligands (L) occurs mainly through donor-acceptor interactions (i.e., L=C%-L).12
Since the report by Ramirez and co-workers in 1961 on the first and most
representative  member of this family of compounds, the parent
hexaphenylcarbodiphosphorane [C(PPhs)s],* a good number of carbon(0) species
have been prepared and fully characterized.! In addition, this family of compounds
has also been expanded to systems having heavier Group 14 elements in their
structures [also known as ylidones (EL)].»® Because of their peculiar bonding
situation, these species not only are potential donor ligands in main-group
compounds or transition-metal complexes but also exhibit a rich and varied
reactivity.**® For instance, carbodicarbenes [carbones where L = carbene or

N-heterocyclic carbene (NHC)] have attracted considerable attention because of

their captodative behavior in catalysis.”

In this regard, Alcarazo and co-workers recently found that the parent
carbone, C(PPhs),, can be used as a carbon-based Lewis base in combination with
the Lewis acid B(CgFs)s to form a highly active frustrated Lewis pair (FLP) able
to activate not only H—H bonds but also C—0O, C—H, Si—H, and C—F bonds
(Scheme 6.1).% This behavior therefore strongly resembles that found for typical
FLPs based mainly on P-based Lewis bases [for instance, tBusP/B(Cg¢Fs)s or
MessP /B(CsFs)s].” Despite this evident similarity, very little is known about the
actual role of carbones in the bond activation process compared to analogous
transformations involving either intermolecular or intramolecular P/B FLP

systems.!
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Ph,SiH, PhsP
SiHPh,
toluene / —78 °C to RT PhsP HB(CsFs)s
e H, PhsP”
O\ BCFas - H
PhsP PPh toluene /=78 °C to RT PhsP HB(CeFs)s
+
nCz;HF PhsR
> CsHyq
—78° PhsP =
toluene /=78 °C 3 FB(CeFe)s

Scheme 6.1. Activation reactions mediated by hexaphenylcarbodiphosphorane and B(CgFs5);
described by Alcarazo and co-workers (see reference 8).

Recently, we combined state-of-the-art computational methods known as the
activation strain model (ASM) of reactivity'! and energy decomposition analysis
(EDA)™ to gain more quantitative insight into the factors controlling the
dihydrogen (H:) activation reactions promoted by strongly related intramolecular
geminal FLPs.'* This approach allowed us to propose an orbital-controlled
mechanism, complementary to the widely accepted mechanisms suggested
independently by Papai and co-workers!* and Grimme and co-workers,* where the
degree of cooperativity between the key donor-acceptor orbital interactions, i.e.,
LP(Lewis base)—c™*(H:) and o(H:)—p.(Lewis acid), along the reaction coordinate
can be used as an indicator of the reaction barrier. Given the good performance of
this approach in the chemistry of FLPs, we decided herein to apply this
methodology to explore in detail the role of carbones as Lewis bases in H» activation
reactions in comparison to the parent process involving the intermolecular
tBusP /B(CsF;)s FLP. This particular transformation was selected among the other
different bond activation reactions described by Alcarazo and co-workers® because
it is also one of the most important and representative reactions in FLP chemistry.'
In addition, the influence of both the nature of the central Group 14 element (E)
and the flanking ligands (L = phosphine vs carbene) on this H, activation reaction
will also be analyzed (Scheme 6.2) to identify the combination of E and L that

leads to the most active ylidone.
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Scheme 6.2. FLP-mediated dihydrogen activation reactions considered in this study.

Theoretical Methods and Computational Details

Geometry optimizations of the molecules were performed without symmetry

16

constraints using the Gaussian09 suite of programs,’® employing the metahybrid
MO06-2X exchange-correlation functional'” combined with the double-(-quality
def2-SVP basis set.’® Reactants and products were characterized by frequency
calculations and have positive definite Hessian matrices. Transition states (TSs)
show only one negative eigenvalue in their diagonalized force constant matrices,
and their associated eigenvectors were confirmed to correspond to the motion along
the reaction coordinate under consideration using the intrinsic reaction coordinate
(IRC) method." Single-point energy refinements were carried out on the gas-phase
optimized geometries using the same functional with the larger triple-C-quality plus
polarization def2-TZVPP basis set'® including solvent effects (toluene) by means of

the polarizable continuum model (PCM).® This level is denoted as
PCM (toluene)/M06-2X /def2- TZVPP/ /M06-2X /def2-SVP.

EDAs were carried out using the ADF.2017 program? at the same level of
theory in conjunction with the triple-(-quality TZ2P basis set® on the geometries
optimized at the MO06-2X/def2-SVP level. This level is therefore denoted as
M06-2X/TZ2P//M06-2X /def2-SVP.

Activation strain model of reactivity and Energy decomposition analysis

Because the ASM method has been the focus of recent reviews,! herein we
only briefly summarize the basics of this approach. This method is a systematic

development of the EDA method (see below) used initially to understand the nature
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of chemical bonding in stable molecules. Within this method, also known as the
distortion/interaction model,® the potential energy surface AE(() is decomposed,
along the reaction coordinate {, into two main contributions, namely, the strain
AEgrnin(€) associated with the deformation (or distortion) experienced by the
reactants during the transformation plus the interaction AFEi({) between these

increasingly deformed reactants:

AE(() = AESLrain(() + AEIlt(C)

Herein the reaction coordinate is defined as the projection of the IRC onto
the forming B-+H distance. This reaction coordinate { undergoes a well-defined
change in the course of the reaction from the separate reactants (or the initial

reaction complexes) to the equilibrium distance in the corresponding T'Ss.

The interaction AFEiw({) between the strained reactants can be further
partitioned into chemically meaningful contributions by means of the EDA
method."”” Thus, AEiw:(C) is decomposed into the following terms along the reaction

coordinate:

AEint(C) == Av;lstat(o + AEPauli(() + AE)rb(O

The term A Vesar corresponds to the classical electrostatic interaction between
the unperturbed charge distributions of the deformed reactants and is usually
attractive. The Pauli repulsion AFp,ui comprises the destabilizing interactions
between occupied orbitals and is responsible for any steric repulsion. The orbital
interaction AFE,;, accounts for charge transfer [interaction between the occupied
orbitals on one moiety with the unoccupied orbitals on the other, including highest
occupied molecular orbital (HOMO)—lowest unoccupied molecular orbital (LUMO)
interactions] and polarization (empty-occupied orbital mixing on one fragment due
to the presence of another fragment). Moreover, the natural orbital for chemical
valence (NOCV)* extension of the EDA method has also been used to further
partition the AF,, term. The EDA-NOCV approach provides pairwise energy

contributions for each pair of interacting orbitals to the total bond energy.
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Results and Discussion

We first compared the Hs activation reaction mediated by the intermolecular
FLP {BusP/B(CsFs)s and the analogous transformation involving the parent
carbone C(PMes), (1a), a compound experimentally described by Gasser and
Schmidbaur in 1975% that is strongly similar to C(PPhs), used by Alcarazo and
co-workers (see above).® Similar to the reaction profiles computed previously for
the H, activation mediated by related intra- and intermolecular FLPs,420 we
found that, in both cases, heterolytic Hs splitting occurs in a concerted manner
through the formation of an initial reactant complex (RC), which evolves into the
corresponding reaction product in a strongly exothermic process (Figure 6.1).
Therefore, in both cases, the corresponding TSs are associated with the rupture of
the H—H bond with the concomitant formation of B—H and P/C—H bonds and
lead to an intimate ion pair stabilized by a weak H--H interaction (PC, H--H
distance of ca. 2 A), which finally dissociates into the hydride H—B(CsF5);~ and
the corresponding protonated Lewis base, as experimentally confirmed in the solid
state.® Despite similar reaction profiles, the process involving the carbone 1la is
clearly favored over the process involving tBusP along the entire reaction coordinate
and, particularly, at the reaction product region (i.e., AAEx = 33.2 kcal/mol). In
addition, the computed low barrier and strong exothermicity computed for the
1la/B(C¢F5)s + Hs reaction are fully consistent with the reaction conditions used

8

experimentally (—78 °C to room temperature),® which nicely confirms the high

activity of the carbone/B(CsF};)s system.
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Figure 6.1. Computed reaction profiles for the H, activation reactions mediated by carbone la

(black lines) and ¢tBusP (blue lines) in the presence of B{CsF5)s: relative energies (a); free energies
at 298 K (b), given in kcal/mol. The bond lengths are given angstrom. All data were computed at
the PCM(toluene)-M06-2X/def2-TZVPP //M06-2X /def2-SVP level.

According to the ASM of reactivity, the process involving 1a benefits from a
much stronger interaction between the deformed H, and [la--B(Cq¢F;)s] reactants,
particularly at the TS region, compared to the process involving {BusP (the
corresponding activation strain diagrams are given in Figure 6.S1). Despite that,
this latter reaction benefits from less deformation energy, which offsets the

computed weaker interaction for this system. As a result, both processes present
rather similar activation barriers (see above).

- 129 -



Understanding the reactivity of Frustrated Lewis Pairs

The reasons behind the computed different interaction energies between H,
and the {BusP/B(CgFs)s and 1a/ B(CeFs)s pairs can be quantitatively analyzed by
means of the EDA method. This approach has greatly contributed to our current
understanding of the Hs activation reaction mediated by either intramolecular®® or
similar intermolecular FLPs.” Figure 6.2 graphically shows the evolution of the
different EDA terms along the reaction coordinate from the initial reactant
complexes up to the corresponding TSs for both transformations. Although the
interaction between Hs and the [tBusP-B(CgFs)s] or [(MesP),C--B(CsFs)s] pairs is
rather similar (slightly stronger for the process involving 1a), the attractive
interactions (A Vegar and AFE.m) are clearly more stabilizing for the H. activation
mediated by the 1a/B(CgFs)s system along the entire reaction coordinate.
Nevertheless, these stronger stabilizing interactions are nearly offset by the Pauli
repulsion term, which is clearly much more destabilizing for the process involving
la from the very beginning of the transformation. Therefore, although the
attractive interactions between H, and the [{BusP--B(CgFs)s] pair are comparatively
less stabilizing, this system benefits from a less destabilizing Pauli repulsion, which
is translated into the computed nearly identical total interaction (AEi) between
the reactants. Therefore, our EDA study clearly shows that there exist significant
differences in the mode of action of phosphines and carbones as Lewis bases for the
activation of H,. In addition, our EDA calculations suggest that the electrostatic
and orbital interactions contribute to a nearly similar extent to the total attractions
in both systems, which is compatible with the two widely accepted models for Hs
activation by FLPs, namely, Papai’s electron-transfer model,'* which is based on
cooperative  orbital interactions involving the LP(base)—>c™(H:) and
o(Hs)—pr(acid) interactions, and Grimme’s electric-field model,” where

electrostatic interactions are key.
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Figure 6.2. EDA of the H; activation reactions mediated by la (solid lines) and tBusP (dashed
lines) in the presence of B(CgFs); along the reaction coordinate projected onto the forming B--H
bond length. All data were computed at the M06-2X/TZ2P//M06-2X/def2-SVP level.

The NOCV extension of the EDA method was applied next to understand the
nature of the orbital interactions as well as their relative contribution to the total
AFEy, term involved in the H, splitting promoted by {BusP/B(C¢Fs)s and
la/B(C¢F5)s. To this end, we selected three key points along the reaction
coordinate, namely, the initial reactant complex, the TS, and a midpoint between
them. Figure 6.3 shows snapshots of the corresponding NOCV deformation densities
(Ap) together with their associated stabilization energies [AE(p)]. As can be seen
for the process involving the FLP tBusP/B(CeF5)s (Figure 6.3a), at a very early
stage of the reaction, the principal charge depletion region (in red) belongs to the
H—H o orbital, while the charge accumulation (in blue) corresponds to the empty
pr atomic orbital at the boron center. As the H, activation reaction progresses, this
charge-transfer process continuously reinforces and dominates up to the TS region,
where LP(P)—c*(H—H) starts to take place. Therefore, although the activation
reaction is concerted, it does not occur in a synchronous manner; i.e., the
o(H:)—p.(B) orbital interaction takes place first and is responsible for the
polarization of the H—H o bond, which allows subsequent interaction with the
phosphorus lone pair. A similar orbital scenario was found by us in the analogous
process involving intramolecular geminal N/B or P/B FLPs.!*¢ According to the

data in Figure 6.3, the charge flow computed for the analogous process involving
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la along the reaction coordinate is rather similar. However, the associated orbital
energies are comparatively higher along the entire process.”® This is mainly due to
involvement of the LP(C)—oc™*(H—H) orbital interaction from the beginning of the
process (see Figure 6.3b) as a consequence of the higher o-donor ability of 1a
compared to tBusP, which is then translated into the stronger orbital interactions
computed for the 1a/B(CsFs)s + H» reaction along the entire reaction coordinate

(see above).

(a) BugP/B(CgFs)3 + Hy

T

reactant complex midpoint TS
r(B-H)=2.64A r(B--H)=220A r(B-H)y =177 A
AEqp(p1) =—2.6 kcal/mol AEorb(p1) = -5.6 kcal/mol AEorb(p1) =—-29.9 kcal/mol

(b) (MegP),C/B(CgFs)3 + Hy

reactant complex midpoint TS
r(B--H) =274 A r(B--H)=2.40A r(B--H)=1.98 A
AEqn(p1) ==3.2 kcal/mol AEom(p1) =—11.1 kecal/mol AEorb(p1) = —25.6 kcal/mol

Figure 6.3. Contour plots of NOCV deformation densities Ap and associated energies AE(p) (in
kcal/mol) for the main orbital interactions between H, and [tBusP-B(C4F5);] (a) and [1a-B(CeFs)s)
(b). Electronic charge flows from red to blue. All data were computed at the M06-2X/TZ2P//M06-
2X/def2-SVP level.

Another remarkable difference between the considered FLP and
carbone-mediated Hs activations is found in the nature of the corresponding
reaction products. The presence of the two carbon lone pairs in the initial la
necessarily involves that the reaction product formed upon H. activation; i.e.,
[(MesP).CH]* should possess a free lone pair available for a new activation process.
Indeed, Alcarazo and co-workers already confirmed this point by reacting the

analogous cation [(MesP),CMe]* with Hs or methanol in the presence of B(CgFs)s.®
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Although the H, activation could not be experimentally achieved, the system
successfully cleaved the O—H bond of methanol. This finding prompted us to
computationally explore this second activation reaction, which, of course, is
unfeasible for the process involving tBusP because no lone pairs are available in the

corresponding reaction product ([tBusPH]*).

From the computed reaction profiles depicted in Figure 6.4, which clearly
shows the occurrence of the lone pair at the carbon atom in [(MesP),CHJ* (see the
inset in Figure 6.4), it becomes evident that the second Hs activation reaction is
much more difficult than the first H, activation mediated by 1a, from both kinetic
(AAG* = 7.9 kcal/mol) and, particularly, thermodynamic (AAGr = 48.5 kcal/mol)
points of view, which is consistent with the experimental findings by Alcarazo’s
group. This markedly reduced reactivity of [1a-H]* also agrees with the much lower
second proton affinities (PAs) computed for carbones compared to their first PAs,*
and further confirms the lower Lewis base ability of the remaining lone pair in
protonated carbones. Not surprisingly, activation of the O—H bond of methanol is
computed to be much more favorable than the H, activation, which is also in
agreement with the experimental results. This can be, of course, ascribed to
polarization of the O—H bond, which allows a more facile heterolytic splitting than
that involving the H—H bond. A similar result was found by us in the activation
of X—H o bonds mediated by slightly related Group 13 carbenoids.” The same
reactivity trend is found when using a more polar solvent (o-dichlorobenzene or
nitrobenzene; see Figure 6.4). As expected, the final dicationic reaction products
(PCla-H) and also the corresponding T'Ss (albeit to a lesser extent) become more

and more stabilized with increasing polarity of the solvent.
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Figure 6.4. Computed reaction profiles for the H—H (blue lines) and CH30—H (black lines) bond
activation reactions mediated by cationic la—H in the presence of B(CsF5)s. Relative free energies
(at 298 K) and bond lengths are given in kcal/mol and Angstrom, respectively. Plain values were
computed in toluene, whereas values within parentheses and brackets were computed in
o-dichlorobenzene and nitrobenzene, respectively. Inset: computed HOMO of la—H (isosurface
value of 0.045 au). All data were computed at the PCM(solvent)-M06-2X/def2-TZVPP//MO06-
2X/def2-SVP level.

Influence of the Nature of E and L

Once the process involving the parent carbone 1la had been studied, we then
explored the influence of both the nature of the central Group 14 element and the
ligand L on the selected H, activation reaction in the presence of B(C¢F;)s. Table
6.1 gathers the computed free barrier and reaction energies for the processes

involving ylidones 1a—1e, 2a—2e, and 3a—3e.*

Two main reactivity trends can be clearly observed upon inspection of the
data gathered in Table 6.1.°! On the one hand, the activation barrier systematically
decreases upon moving down Group 14 (E = C > Si > Ge > Sn > Pb) regardless
of the ligand L present in the ylidone. In addition, the corresponding reaction

energies become less and less exergonic, which can be ascribed to the different bond
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strengths of the newly formed E—H bonds in the process (i.e., the E—H bond
dissociation energies decrease from E = C to E = Pb: 337, 321, and 176 kJ/mol for
C—H, Ge—H, and Pb—H, respectively).*

Table 6.1. Computed HOMO energies (in eV) and free activation and reaction energies
(computed at 298.15 K) for the H; activation reactions mediated by 1-3 in the presence of

B(Cgks)s.°

EL, E L Enomo / eV AGRrc? AG* AGgr®
la C -5.58 12.6 18.7 ~43.8
1b Si -4.23 9.6 14.4 -33.8
1c Ge PMe; ~4.15 9.6 135 -30.4
1d Sn -3.88 10.8 13.1 -27.8
le Pb -3.70 10.5 11.3 ~18.5
2a C ~1.68 10.8 15.5 ~58.0
2b Si Me -3.72 11.5 14.8 ~44.3
2c Ge [N>= -3.66 11.1 13.8 —43.2
2d Sn Me -3.35 9.7 13.6 438
2e Pb -3.04 9.1 10.6 —42.7
3a C —5.47 12.6 16.6 ~46.0
3b Si Me ~4.35 15.5 17.9 -38.2
3c Ce @Nﬁ ~4.25 14.2 16.7 -32.1
3d Sn Me ~3.86 9.9 14.9 -39.7
3e Pb ~3.52 7.7 12.4 ~39.4

* All data (in keal/mol), relative to the isolated reactants, were computed at the
PCM(toluene)-M06-2X /def2-TZVPP//M06-2X-def2-SVP level. " AGre = G(RC) - G(1-
3) — GIB(CFs)s] —G(Ha). © Activation energy: AG* = G(TS) — G(1-3) —G(B(C¢F5)s) —
G(H,). ! Reaction energy: AGr = G(adduct) — G(1-3) —G(B(CF5);) —G(Ho).

On the other hand, it seems that, when E = C, the activation barrier decreases
upon replacement of the phosphine ligands (compound 1a) by NHCs (compounds
2a and 3a). This enhanced reactivity computed for carbones having carbenes in
their structures (AG* increases in the order 2a < 3a < 1a) is fully consistent with
the reported computed first PAs (294.3 > 284.7 > 278.4 kcal/mol for 2a, 3a, and
1a, respectively),” which suggests that the PA values can be, at least qualitatively,
used for predicting the relative reactivity of carbones. From the data in Table 6.1,
it can then be concluded that ylidones are clearly more reactive than tBusP (AG*
= 19.0 kcal/mol) to promote H, activation reactions in the presence of the highly

acidic B(C¢F5)s Lewis acid. Our calculations predict that the activation barrier of
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the process can even be reduced up to ca. 11—13 kcal/mol when heavier ylidones
(E = Sn, Pb) are used.

Closer inspection of the optimized geometries of the corresponding TSs (see
Figure 6.5 for the representative series involving ylidones 1la—1le and 2a—2e)
clearly indicates that the breaking H--H bond becomes shorter and shorter upon
moving down Group 14, therefore indicating that the corresponding TSs are reached
earlier and earlier from E = C to E = Pb. According to the computed activation
barriers, which become lower and lower also upon moving down Group 14 (see
Table 6.1), it seems that the Hammond—Leffer postulate® is fully satisfied in these
transformations. Indeed, a very good linear relationship was found upon plotting
these parameters (correlation coefficient R? = 0.96; see Figure 6.6 for the processes
involving 1la—1e). According to this postulate, one should expect that those
processes having lower barriers (i.e., possessing earlier TSs) should also be more
exergonic. However, the opposite is found (see Table 6.1), which further confirms
the strong influence of the strength of the newly formed E—H bonds on the
computed reaction energies. For this reason, although a nearly perfect linear
relationship was found upon plotting the breaking H--H distances versus the
computed reaction energies (correlation coefficient R? = 0.99; see Figure 6.6), the
straight line possesses a negative slope. Similar very good linear correlations were
also found for the processes involving ylidones 2 or 3 (see, for instance, Figure 6.52

for the Hs activations mediated by 2a—2e).
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(@) (Me3P),E series (1a-e) (b) (NHCMe),E series (2a-e)

TS-2a (E=C)

TS-1b ( E = Si) TS-2b (E = Si)

TS-1c (E = Ge)

TS-1e (E=Pb) TS-2e (E =Pb)
Figure 6.5. Fully optimized geometries (M06-2X/def2-SVP level) of the TSs involved in the Hs

activation reactions mediated by ylidones 1a-e and 2a-e in the presence of B(C¢F5)s. Bond lengths

are given in Angstroms.
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Figure 6.6. Plot of the computed activation barriers (AG*; black circles) and reaction energies
(AGy; red circles) vs the breaking H-+H distance in the corresponding T'Ss involved in the la-e +
B(C4Fs5); + Ha reaction. All data were computed at the PCM(toluene)-M06-2X /def2-TZVPP //M06-
2X/def2-SVP level.

We then applied a combination of the ASM of reactivity and EDA methods
to understand the enhanced reactivity (in terms of the computed activation
barriers) of ylidones when the central E atom changes from E = C to E = Pb. To
this end, we focused on the Hs activation reactions mediated by carbone la (E =
C) and germylone 1c (E = Ge) in the presence of B(C¢Fs); as representative
transformations (Figure 6.7). The ASM clearly ascribed the lower activation barrier
computed for the process involving 1c mainly to the much stronger interaction
between the deformed H, and [LlcB(CgFs)s] reactants along the entire reaction
coordinate compared to the analogous reaction involving la (the corresponding
activation strain diagrams are given in Figure 6.S3). In addition, the former system

also benefits from a less destabilizing deformation energy (A Eiain)-
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Figure 6.7. EDA of the H; activation reactions mediated by carbone 1a (solid lines) and germylone
1c (dashed lines) in the presence of B(CgF5); along the reaction coordinate projected onto the
forming B--H bond length. All data were computed at the M06-2X/TZ2P//M06-2X/def2-SVP level.

The crucial role of the interaction energy in these H. activation reactions can
be quantitatively analyzed by means of the EDA method. As graphically shown in
Figure 6.7, the electrostatic interactions (A Veiat) between [1a--B(CeF5)s] and H, are
clearly more stabilizing than those computed for the process involving its germylone
counterpart. Despite that, the latter process benefits from both a less destabilizing
Pauli repulsion and stronger orbital attractions along the entire reaction coordinate
which are therefore responsible for the stronger interaction computed for the
reaction involving 1c (E = Ge). Although the energies of the HOMO of the initial
ylidone qualitatively agree with the higher orbital interactions computed for the
process involving 1c (see Table 6.1), we applied the EDA—NOCYV to quantitatively
decompose the AF,, term. Once again, the NOCV method identifies the
o(H:)—p.(B) and LP(E)—oc *(H—H) interactions as the main orbital interactions
taking place in these H, activation reactions (Figure 6.8). Interestingly, the
associated stabilizing energy [AE(p)] is comparatively stronger for the process
involving the heavier ylidone 1c. For instance, at the same consistent forming B---H
bond distance of 2.15 A, AE(p) amounts to —16.6 kcal/mol for the H, activation

mediated by carbone la, whereas a higher value of —22.1 kcal/mol was computed

- 139 -



Understanding the reactivity of Frustrated Lewis Pairs

for the analogous process involving germylone 1c. As a result of this higher orbital
interaction, a much stronger total orbital interaction (AE.s) was computed for the

latter transformation.

1a(E=C) 1c (E = Ge)
AEyp(p1) =—16.6 kcal/mol AEorb(p1) =—22.1 kcal/mol

Figure 6.8. Contour plots of NOCV deformation densities Ap and associated energies AE(p) (in
kcal/mol) for the main orbital interactions between H, and [1a:B(CgF5)s] (left) and [Lc-B(CeFs)s]
(right) at the same consistent forming B--H distance of 2.15 A. Electronic charge flows from red to
blue. All data were computed at the M06-2X/TZ2P//M06-2X /def2-SVP level.

Conclusions

By means of state-of-the-art computational tools, we found that carbones
present significant differences with respect to phosphines when used as Lewis bases
in H, activation reactions in the presence of B(C¢Fs)s. Although the interaction
between Hs and the [tBusP-B(CsF5)s] or [(MesP).C--B(CgF5)s] pairs is similar, the
latter system benefits from stronger electrostatic and orbital attractions along the
entire reaction coordinate. Indeed, the key LP(C)—oc*(H—H) orbital interaction,
which takes place from the beginning of the transformation, induces a stronger
interaction as a consequence of the higher o-donor ability of carbone compared to
tBusP. Moreover, the corresponding reaction product, [(MesP).CHJ*, is able to
undergo a second activation reaction because of the presence of an available lone
pair on the carbon atom. However, this second H, activation is considerably less
favored than the first one due to the less Lewis base ability of this remaining lone

pair.

We also explored the influence on the reactivity of the nature of both the

central E atom (E = C—Pb) and the surrounding ligands L (L = phosphine vs
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carbene) in EL; compounds. It was found that the barrier height of the H, activation
reaction steadily decreases upon moving down Group 14 regardless of the attached
ligand. This enhanced reactivity of the heavier ylidones finds its origin mainly in
the computed stronger interaction between the deformed reactants along the
reaction coordinate as a consequence of a less destabilizing Pauli repulsion and more
stabilizing orbital interactions. In addition, carbones having NHCs in their
structures are more reactive than those having phosphines as o-donor ligands. Our
calculations predict that heavier ylidones are really promising candidates to achieve
facile H, activation reactions. In our opinion, the insight gained in this
computational study is important not only for our understanding of the actual role
of ylidones as Lewis bases but also for the rational design of novel FLP-type

systems.
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Figure 6.S1. Comparative activation-strain diagrams of the dihydrogen activation reactions
mediated by carbone 1a (solid lines) and tBu;P (dashed lines) in the presence of B(C¢F5); along the
reaction coordinate projected onto the forming B---H bond length. All data were computed at the
MO06-2X/TZ2P//M06-2X /def2-SVP level and are referenced to the corresponding reactant

complexes.
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Figure 6.S2. Plot of the computed activation barriers (AG#) vs the breaking H---H distance in the
corresponding transition states involved in the 2a-e + B(CgF;); + Hs reaction. All data were
computed at the PCM(toluene)-M06-2X /def2-TZVPP//M06-2X-def2-SVP level.
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Figure 6.S3. Comparative activation-strain diagrams of the dihydrogen activation reactions
mediated by carbone 1la (solid lines) and germylone 1c (dashed lines) in the presence of B(CsFs)s
along the reaction coordinate projected onto the forming B--H bond length. All data were computed
at the M06-2X/TZ2P//M06-2X/def2-SVP level and are referenced to the corresponding reactant
complexes.

Table 6.S1. Comparison of the computed activation barriers including

relativistic effects.

ylidone A AEY
la 4.7 4.7
1b 1.9 2.3
1c 1.5 1.7
1d 1.0 1.3
le 0.3 0.1
2a 2.0 1.7
2b 3.1 3.1
2c 2.7 3.0
2d 3.0 2.8
2e 0.6 0.5
3a 4.5 4.1
3b 2.3 1.9
3c 4.0 3.7
3d 4.2 4.4
3e 3.0 3.0

Computed activation barriers, AE* = E(TS) — E(RC). [a] Computed at the
PCM(toluene)-M06-2X /def2-TZVPP / /M06-2X /def2-SVP level. [b] Computed
at the ZORA-COSMO(toluene)-M06-2X/TZ2P //M06-2X /def2-SVP.
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Understanding the role of frustrated Lewis pairs as ligands in

transition metal-catalyzed reactions

The role of frustrated Lewis pairs (FLPs) as ligands in gold(I) catalyzed-
reactions has been computationally investigated by using state-of-the-art density
functional theory calculations. To this end, the nature of (P,B)-FLP-transition
metal interactions in different gold(I)-complexes has been first explored in detail
with the help of the energy decomposition analysis method, which allowed us to
accurately quantify the so far poorly understood Au---B interactions present in these
species. The impact of such interactions on the catalytic activity of
gold(I)-complexes has been then evaluated by performing the Au(I)-catalyzed
hydroarylation reaction of phenylacetylene with mesitylene. With the help of the
activation strain model of reactivity, the factors governing the higher activity of
Au(I)-complexes having a FLP as a ligand as compared to that of the parent PPh;

system have also been quantitatively identified.

Dalton Trans., 2020, 49, 3129-3137.
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Introduction

Since the seminal work by Stephan and co-workers in 2006 on reversible
dihydrogen activation mediated by a system having a Lewis acid and a Lewis base
in its structure,! the so-called frustrated Lewis pairs (FLPs) have emerged as
powerful species to activate small molecules under metal-free conditions in both
stoichiometric and catalytic reactions.? These species are typically composed of a
pair of sterically encumbered Lewis acidic and Lewis basic centers, in either single
molecules or bimolecular systems, which severely hampers the formation of a
classical donor—acceptor bond between them. This peculiar bonding situation is
responsible for the unique and rich reactivity of these compounds, which in many

instances was traditionally restricted to transition metals.»

FLPs have also been used as ambiphilic ligands in transition metal
chemistry.®* Interestingly, the presence of a Lewis acid moiety nearby transition
metals can significantly influence their reactivity. For instance, Bourissou and co-
workers reported that, in comparison with PPhs as a ligand, FLP A improved the
efficiency of the Pd-catalyzed Suzuki—-Miyaura coupling of p-bromoanisole with
PhB(OH), (Scheme 7.1a).° Similarly, Liu and co-workers used related FLP B in the
Pd-catalyzed hydroboration of enynes (Scheme 7.1b).5 As compared to the
analogous process involving o-naphthalenyl phosphine, FLP B not only improves
the activity of the catalyst but also provides a markedly different selectivity as a
trans-hydroboration product is almost exclusively formed. In contrast, a
1,4-hydroboration reaction product is formed in the analogous reaction involving a

phosphine lacking the Lewis acidic fragment.
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Scheme 7.1. Representative examples of transition metal-catalyzed reactions using FLPs as
ligands.

Related intramolecular FLPs have also been wused as ligands in
gold(I)-catalyzed transformations such as, among others, the intramolecular
cyclization reactions of propargylamides’ or, quite recently, the intra- and
intermolecular hydroamination reactions of alkynes (Scheme 7.1¢).® Based on X-ray
diffraction studies, it is assumed that the interaction between the strong Lewis acid
moiety and the transition metal in either the FLPAuX (X = Cl, NTf) complex or
the active catalytic species FLP(Au)* significantly enhances the electrophilic
properties of the catalyst, which ultimately results in an enhancement of its
catalytic activity. Despite that, very little is known about the actual nature of such
transition metal-Lewis acid interaction and its direct consequences on the catalysis,
which hampers the further development of novel FLP ligands which are able to
increase the activity of transition metal catalysts. For these reasons, we decided to
carry out a detailed computational study focused on both unabated issues, namely
(i) the nature of the transition metal-Lewis acid interaction in FLP-metal
complexes and (ii) its impact on their catalytic activity. Once both aspects are fully
and quantitatively understood, the insight gained in this study will be used to
conveniently modify the FLP ligand towards the rational design of highly active

catalysts.

To this end, we selected a prototypical reaction in transition metal n-catalysis,
namely the gold(I)-catalyzed hydroarylation reaction of phenylacetylene with
mesitylene,” and compared the reactivities of the processes mediated by typical
phosphines (such as PPhs) with the analogous transformations involving P/B FLPs

as ligands (Scheme 7.2). The bonding situation in these complexes and the
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computed reactivity trends will be quantitatively analyzed by means of the energy
decomposition analysis (EDA) method and the so-called activation strain model
(ASM) of reactivity.!! These state-of-the-art computational tools were selected
because they were particularly helpful for our current understanding of the

chemistry of FLPs™ and related gold(I)-catalyzed reactions.

o W
e
+
b L = PPhg or FLP O Me

Scheme 7.2. Hydroarylation reaction considered in this study.

Theoretical Methods and Computational Details

Geometry optimizations of the molecules were performed without symmetry
constraints using the Gaussian16' suite of programs with the BP86" functional in
conjunction with the D3 dispersion correction suggested by Grimme and
coworkers.’® Gold atoms were described using the scalar-relativistic
Stuttgart-Dresden SDD effective core potentials and their associated double-{ basis
sets,'” complemented with a set of polarization functions.”® The 6-31G(d) basis set
was used for the rest of the atoms. Solvent effects (solvent = dichloromethane,
DCM) have been taken into account using the Polarizable Continuum Model
(PCM)¥ of solvation during the geometry optimizations. This level is denoted as
PCM(DCM)-BP86-D3/6-31G(d)&SDD(f) and was chosen because it has been used

% Reactants and adducts were characterized by

for related gold complexes.
frequency calculations, and have positive definite Hessian matrices. Transition
states (T'Ss) show only one negative eigenvalue in their diagonalized force constant
matrices, and their associated eigenvectors were confirmed to correspond to the
motion along the reaction coordinate under consideration using the Intrinsic
Reaction Coordinate (IRC) method.?! Single-point energy refinements in solution
were carried out using the MO6L* functional in conjunction with the D3 correction
and the triple-(-quality plus polarization basis set def2-TZVPP for all atoms.* This
level is therefore denoted as PCM(DCM)-M06L-D3/def2-TZVPP//PCM(DCM)-

BP86-D3/6-31G(d)&SDD({).
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The bonding situation of the species considered in this study was
quantitatively analyzed with the help of the energy decomposition analysis (EDA)
method.'® Within this method, the interaction energy between the selected
fragments can be decomposed into the following chemically meaningful terms:
AEin(l) = AFusai(C) + AEpauni(§) + AEon(C) + AEuisp(€). The term AFuy.: corresponds
to the quasi-classical electrostatic interaction between the unperturbed charge
distributions of the deformed reactants and is usually attractive. The Pauli
repulsion, A Ep.ui, corresponds to the destabilizing interactions between the occupied
orbitals and is responsible for any steric repulsion. The orbital interaction term,
AEy,, accounts for bond pair formation, charge transfer (interaction between
occupied orbitals on one moiety and unoccupied orbitals on the other, including
HOMO-LUMO interactions), and polarization (empty-occupied orbital mixing on
one fragment due to the presence of another fragment). Finally, the AFEyy, term
takes into account those interactions derived from dispersion forces. Moreover, the
NOCV (natural orbital for chemical valence)* extension of the EDA method has
also been used to further partition the AFEu; term. The EDA-NOCV approach
provides pairwise energy contributions for each pair of interacting orbitals to the

total bond energy.

The EDA calculations were carried out with the ADF2019 program package®
using the PCM(DCM)-BP86-D3/6-31G(d)&SDD(f) optimized geometries at the
same DF'T level in conjunction with a triple-C-quality basis set using uncontracted
Slater-type orbitals (STOs) augmented by two sets of polarization functions with a
frozen-core approximation for the core electrons.® Auxiliary sets of s, p, d, f, and g
STOs were used to fit the molecular densities and to represent the Coulomb and
exchange potentials accurately in each SCF cycle.?” Scalar relativistic effects were
incorporated by applying the zeroth-order regular approximation (ZORA).* This
level of theory is denoted as ZORA-BP86-D3/TZ2P//PCM(DCM)-BP86-D3/6-
31G(d)&SDD(f) and has been selected because of its good performance in the
analysis of the bonding situation of a wide variety of transition metal complexes

including Au(I) species.”*
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Results and Discussion

(a) Nature of the [Au—FLP] bond

We first quantitatively analyzed the nature of the Au—FLP bond with the
help of the Energy decomposition analysis — natural orbital for chemical valence
(EDA-NOCV) method. To this end, we investigated the interaction between the
FLPs 1-6 (see Table 7.1) and the Au(I) fragment in FLP-AuX complexes (X =
NTf,, Cl). FLPs 1-3 were selected because they have been experimentally used as
ligands in transition metal chemistry by Erker and co-workers (FLP 1)® and
Borissou and co-workers (FLPs 2 and 3).** Geminal P/B FLP 4 was also included
in our study because this particular system shows a remarkable reactivity towards
the activation of small molecules.?! Similarly, FLPs 5 and 6 were included as the
4m-antiaromatic borole fragment has proved to greatly enhance the Lewis acidity

of the boron moiety and, as a consequence, the activity of borole containing FLPs.*

Table 7.1 shows the relativistic and dispersion corrected (ZORA-BP86-
D3/TZ2P//PCM-BP86-D3/6-31G(d)&SDD(f) level) EDA-NOCYV calculations for
the considered FLP-AuNTf; complexes and the parent PhsP—AuNTf, system. From
the data in Table 7.1, it becomes evident that the interaction between the FLP and
AuNTf, fragments is clearly much stronger than that in the parent PhsP-AuNTf,
(AEim = —86.7 kcal mol™! vs. —103.0 to —108.7 kcal mol™). In all cases, this is due
to the enhancement of all the attractive interactions, namely electrostatic, orbital
and also dispersion interactions (measured by the AFEusua, AFo, and AFEgy, terms,
respectively), which are significantly stronger in the FLP-AuNTf, complexes than
in PhsP—AuNTf,. Further inspection of the EDA values reveals that the major
contribution to the total interaction in all L-AuNTf, complexes comes from the
electrostatic term AFEega (~58-65% to AEi), which indicates that the Au-L bond
is highly polarized. Despite this, the orbital interactions (measured by the AE,
term) are also quite significant (~30% to AFi:) and remarkably higher in the
complexes having the FLPs as ligands, which suggests an important contribution

of the Au---B orbital interaction to the bonding situation (see below).
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Table 7.1. EDA-NOCV analyses of the bonding situation of L—AuNTf, complexes. Energy
values (in kcal mol ') were computed at the ZORA-BP86-D3/TZ2P//PCM(DCM)-BP86-D3/6-

31G(d)&SDD(f) level.

MesSy_ ('Bu),P_BPh,
Mes,P B(CgFs)2 (Pr),P BCy, ('Pr)oP B O
FLP 1 FLP2 FLP3 O FLP 4
MesSi.  H
" P/:\B MeszP>:/<<lc6F5
eS2 CeFs™N\
FLP 5 FLP 6
L = L = L = = = L= L =
L—AuNTf,
PPh; FLP 1 FLP 2 FLP 3 FLP 4 FLP 5 FLP 6
AE;; -86.7 -103.0 -105.6 -105.1 -106.8 -103.3 -108.7
AEp,ui 169.1 212.6 210.5 224.6 199.2 231.2 254.8
ABp® -167.6 -182.8 -199.5 -207.0 -195.6 -201.9 -209.8
(65.5%) (57.9%) (63.1%) (62.8%) (63.9%) (60.4%)  (57.7%)
AE, -77.8 -98.9 -87.4 -96.1 -85.2 -107.7 -117.6
(304%)  (31.3%)  (7.7%)  (292%)  (27.8%)  (32.2%)  (32.4%)
Ay -10.4 -33.9 -29.1 -26.6 -25.3 -24.9 -36.0
WI%)  (10.7%)  (92%)  (81%)  (83%)  (T4%)  (9.9%)
AE -48.7 -50.6 -48.3 -474 -49.5 -48.0 -52.3
(62.6%) (51.2%) (55.3%) (49.3%) (58.1%) (44.6%)  (44.5%)
AE,b — -15.9 -10.4 -174 -8.3 -254 -30.8
(16.2%) (11.9%) (18.1%) (9.7%) (23.6%)  (26.2%)
N -8.3 -6.8 =17 -7.9 -7.8 -8.3 -7.2
(10.6%) (6.8%) (8.8%) (8.2%) (9.2%) (7.7%) (6.1%)
AE, -7.8 -6.4 -7.1 -7.6 -6.8 -7.2 -6.1
(10.0%)  (64%)  (82%)  (T9%)  (80%)  (6.7%)  (5.2%)
NI -13.0 -19.2 -13.9 -15.9 -12.8 -18.7 -21.3
(16.7%)  (195%)  (15.9%)  (165%)  (15.0%)  (17.4%)  (18.1%)
q(Au)© 0.354 0.478 0.413 0.498 0.370 0.580 0.596
— 2.720 2.953 2.619 3.167 2.407 2.345
r(Au-B)/A
(2.712)¢

*The values in parentheses give the percentage contribution to the total attractive interactions

AEBusiar + AEo, + AEuis,.” The values in parentheses give the percentage contribution to the total

orbital interactions APFom.

31G(d)&SDD(f) level. ‘Experimental value taken from ref. 8.

¢ Natural charges computed at the PCM(DCM)-BP86-D3/6-
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According to the NOCV method, the orbital term in the parent PhsP-AuNTf,
system is dominated by three orbital interactions, namely the donation from the
P-lone pair to the AuNTf, fragment (i.e. o-type P — Au dative bond, denoted as
AEqn) together with two weak m-backdonations from the transition metal fragment
to the PPhs ligand (denoted as AEuws and AFows, respectively, see Table 7.1 and
Fig. 7.1). Strikingly, in the FLP—AuNTf, systems, there exists an additional orbital
interaction (denoted as AFin2) which involves the donation of electron density from
the transition metal atom to the vacant p, atomic orbital of the boron atom. This
additional orbital interaction, which is much stronger than the corresponding
n-backdonations, significantly reduces the electron density at the transition metal
fragment, therefore enhancing its electrophilicity as compared to the parent
Ph3P—AuNTH, system. This can be confirmed by the computed NBO(Au) charges,
which are clearly more positive than those in the parent Au(I)-PPhscomplex. Not
surprisingly, the systems having FLP2 and FLP4 show a comparatively weaker
Au---B interaction, which is reflected in the computed longer Au---B distances. This
is due, in the case of the FLP2 complex, to the donor nature of the cyclohexyl
groups attached to the boron atom, which reduces its ability to accept electron
density from the transition metal. In the case of the FLP4 system, the shorter
tether connecting the P and B fragments hampers the Au---B interaction, which
indicates that the nature of this tether is crucial to achieving a significant Au—B
interaction. In sharp contrast, FLP5, which contains a borole in its structure,
exhibits a much stronger AFE,: interaction as a consequence of the high acidity of
this fragment. This is well reflected not only in the highly positive charge at the
transition metal (+0.580¢) but also in the computed markedly short Au---B bond
distance of 2.470 A. The effect of the borole fragment becomes even more evident
in the FLP6 system which possesses highly electron-withdrawing CgFs groups
attached to the borole fragment, as can be viewed from the computed strongest
AFEome interaction (—30.8 kcal mol™!, which is half as strong as the dominant P —
Au dative bond) and a rather short Au---B bond distance of 2.345 A.
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(a) PhsP-AuNTf,

%ik %?ﬂ AL

AE 1 = —48.7 kcal/mol AEp3 = —8.3 kcal/mol AE1p4 = —7.8 kcal/mol
P — Au donation Au —P backdonation Au — P backdonation

(b) FLP3)-AuNTf,

25 e

AE ¢ =—47.4 kcal/mol | AEqp, =-17.4 kcal/mol AE 3 =—7.9 kcal/mol AE 14 = —7.6 kcal/mol
P — Au donation i Au —=Bdonation | Ay —P backdonation Au — P backdonation

Figure 7.1. Plot of the deformation densities Apof the pairwise orbital interactions between
AuNTf; and PPh; (a) or FLP3 (b) ligands and associated stabilization energies AE(p). The code of
the charge flow is red—Dblue.

Similar results were found in the analogous FLP—-AuCl complexes. From the
data in Table 7.2, which shows the most representative EDA-NOCV values (for
the complete set of values, see Table 7.S1 in the Supporting Information), it is
confirmed that the total interaction between the FLP and AuCl fragments is
stronger than that in the parent PhsP—AuCl system. Interestingly, although the
trends are essentially identical, the interaction in the chloride complexes is weaker
than that in their bistriflimide counterparts, as a result of the lower acceptor nature
of the AuCl fragment as compared to that of AuNTf,. For this reason, the main
orbital interaction involving the P — Au dative bond (measured by AEu) is
weaker in all the considered chloride derivatives. As a consequence of the higher
electron density at the transition metal, the Au---B orbital interaction (measured
by AEw) is slightly stronger in the chloride complexes, which is then translated
into slightly shorter Au---B distances. Despite this, based on these EDA-NOCV
calculations, it can then be concluded that, regardless of the nature of the X
counteranion, the FLP ligand induces a significant enhancement of the
electrophilicity of the AuX moiety. This effect can be mainly ascribed to the

occurrence of a significant Au(d) — B(p.) molecular orbital interaction, not present
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in the parent PhsP-AuX system, which in addition is manifested in a marked

increase in the positive charge at the transition metal.

Table 7.2. EDA-NOCYV analyses of the bonding situation of L—AuCl complexes. Energy values
(in kcal mol') were computed at the ZORA-BP86-D3/TZ2P//PCM(DCM)-BP86-D3/6-
31G(d)&SDD(f) level.

L Aucl L= L= L= L= L= L= L=
PPh, FLP1 FLP2 FLP3 FLP4 FLP5 FLPG6

AE;.,; -74.2 -87.6 -89.4 -89.3 -88.8 -87.7 -92.8
AE, . -72.0 -94.8 -80.1 -89.7 -76.9 -100.4 -111.1
(205%)  (31.2%)  (27.6%)  (29.3%)  (27.3%)  (32.4%)  (32.7%)

AB b -43.1 -44.6 -43.3 -42.5 -44.0 -42.6 -44.6
(50.8%)  (AT.1%)  (54.1%)  (474%)  (572%)  (42.5%)  (40.2%)

AB — -20.8 -10.4 -17.8 -8.0 -27.3 -34.5
(21.9%)  (13.0%)  (19.8%)  (104%)  (27.2%)  (31.0%)

a(Au)° 0.280 0.453 0.343 0.432 0.305 0514  0.548
r(Au---B)/A" 2.592 2.963 2.610 3.126 2.416 2.322

(2.347)  (2.903)  (2.663)

® The values in parentheses give the percentage contribution to the total attractive interactions
AEysa + AEo, + ABysy. ® The values in parentheses give the percentage contribution to the total
orbital interactions AFm. ¢ Natural charges computed at the PCM(DCM)-BP86-D3/6-

31G(d)&SDD(f) level. ¢ Experimental values are given within parentheses.

(b) Impact of the Au--B interaction on the reactivity

From the results described above, it can be anticipated that the activity of
gold(I) catalysts having a FLP ligand leading to a significant Au---B interaction
will be higher than that of their PPhs counterpart and those systems exhibiting a
weaker Au---B interaction (i.e. XAu-FLP4). To confirm this hypothesis, we
explored the hydroarylation reaction of phenylacetylene with mesitylene mediated
by gold(I)-catalysts (see Scheme 7.2), a process experimentally studied by Alcarazo
and co-workers using cationic phosphines as ligands.* This transformation begins
from an initial mw-complex, formed upon coordination of the triple bond of
phenylacetylene to the active gold(I) catalyst (i.e. AuL?*), which then suffers a
nucleophilic attack from the mesitylene to produce a new C—C bond. Then, the
Au—C protonolysis reaction produces the observed final alkene with the

concomitant regeneration of the active catalyst. As previously reported for strongly
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related processes,'®* the initial nucleophilic addition reaction constitutes the rate-
limiting step of the entire transformation and for this reason, herein we exclusively
focused on the C-C bond forming reaction. Besides considering the processes
involving the complexes having FLP4, FLP5 and FLP6 as ligands, we also
considered the analogous reactions involving the slightly modified FLP1’ and
FLP3', where the mesityl and isopropyl groups in FLP1 and FLP3, respectively,
were replaced with phenyl groups to enable a direct comparison with the analogous

process involving PPhs as the ligand.

Figure 7.2 shows the computed reaction profile for the transformations
involving the parent PPh; ligand and FLP3' as a representative ligand for the FLP
containing Au(I)-complexes. As readily seen in Fig. 7.2, the process begins with the
formation of a weakly bonded van der Waals complex (RC—L), which lies 5-10
kcal mol™! below the separate reactants (the formation of these species becomes
endergonic when thermal free-energy corrections are included, see also Table 7.3).
From this species, the nucleophilic addition takes place via TS-L, a saddle point
associated with the formation of the new C—C bond. Despite rather similar reaction
profiles, the transformation involving FLP3' as the ligand is clearly favored over
the analogous process involving PPhs along the entire reaction coordinate, and
particularly, in the transition state region (AAE* = 3.7 kcal mol™!; AAGt = 1.5 kcal
mol™). Therefore, our calculations clearly confirm the anticipated (and
experimentally observed) higher activity of the FLP containing gold(I)-catalysts as

compared to their parent PPhs counterpart.
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Figure 7.2. Computed reaction profiles for the hydroarylation reaction of phenylacetylene and
mesitylene mediated by [Au—PPhs]" (black lines) and [Au-FLP3’]" (blue lines). Relative total
energies (free energies, at 298.15 K, are given within parentheses) and bond lengths are given in
kcal/mol ' and angstroms, respectively. All data have been computed at the PCM(DCM)-MO0O6L-
D3/def2-TZVPP//PCM(DCM)-BP86-D3/6-31G(d)SDD(f) level.

Table 7.3. Computed energies (in kcal mol ') and free energies (within parantheses) for
the L—Au(I)-catalyzed hydroarylation reactions involving phenylacetylene and mesitylene.
Al data have been computed at the PCM(DCM)-M061.-D3/def2-TZVPP//PCM(DCM)-
BP86-D3/6-31G(d)&SDD(f) level.

L AE(RC-L) AE(TS-L)" AEx¢ BVD¢
PPh; -5.0 (5.3) 8.2 (21.9) 3.9 (17.3) -
FLP1’ 7.2 (5.9) 6.5 (21.0) 1.4 (17.6) 0.55
FLP3’ 9.3 (3.7) 4.5 (20.4) 3.0 (18.1) 0.57
FLP4 -8.6 (2.3) 8.7 (21.4) 5.2 (20.1) 0.56
FLP5 7.7 (5.2) 4.1 (19.5) -1.6 (13.4) 0.59
FLP6 114 (2.5) -0.9 (13.6) 7.3 (9.5) 0.65

* Reactant complex (RC) energy: AE(RC-L) = E(RC-L) - E(mesitylene) - E(n-complex).
b Transition state (TS) energy: AE(TS-L) = E(TS-L) - E(mesitylene) - E(n-complex). ¢
Reaction energies: AE; = E(INT-L) - E(mesitylene) - E(n-complex). ¢ Boron valence
deficiency (BVD) computed for the corresponding H-BR; systems.

Similar reaction profiles were found for the rest of the considered
hydroarylation reactions. From the data in Table 7.3, it is confirmed that the

corresponding reactions involving the FLPs are favored along the entire reaction
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coordinate and proceed faster than the analogous reaction involving the PPh;
ligand, with the exception of the process involving FLP4 as the ligand. In
particular, the processes involving FLP5 and especially FLP6, having a borole
fragment as a Lewis acid, are predicted to proceed with the lowest activation
barriers in all the considered hydroarylation reactions (AG* = 19.5 kcal mol ' and
AGt = 13.6 kcal mol! for FLP5 and FLP6, respectively). This can mainly be
attributed to the high acidity of the borole moiety, which significantly enhances
the Au---B interaction as compared to the rest of the FLPs herein considered (see
above). The computed high boron valence deficiency (BVD) values, which are
suggested as a direct measure of boron Lewis acidity,” confirm the high acidity of
the borole fragment in FLP5 and, particularly, in FLP6 (see Table 7.3). For the
same reason, it is not surprising that the process involving FLP4, which exhibits
the weakest Au---B interaction (and the lowest BVD of 0.56), proceeds with a rather
similar barrier to that of the parent hydroarylation reaction involving PPhs (AE*
= 8.7 kcal mol™; AGt = 21.4 kcal mol™). Therefore, these findings strongly suggest
that there exists a direct causal correlation between the strength of the Au---B

interaction and the activity of the gold(I)-catalysts.

To gain further quantitative insight into the impact of the Au---B interaction
on the reactivity, we next applied the activation strain model (ASM) of reactivity.
This approach, which has been really helpful for our current understanding of a
number of fundamental reactions including transition metal-catalyzed processes,!!
decomposes the total energy into two contributions, namely the strain energy
(AEurain) that results from the distortion experienced by the individual reactants
during the transformation and the interaction energy (AFEi) between these
distorted reactants along the reaction coordinate. Figure 7.3 shows the activation
strain diagrams (ASDs) for the hydroarylation reactions involving mesitylene and
the initially formed m-complexes [PhsP—Au-phenylacetylene]* or [FLP3'-Au-
phenylacetylene|* from the corresponding reactant complexes (RC-L) up to the
respective transition states (T'S-L) projected onto the forming C---C bond distance.
As readily seen in Fig. 7.3, the energy required to deform the reactants from their
equilibrium geometries to the geometry that they adopt at the transition state
(measured by the A Fyin term) is nearly identical for both processes, which indicates
that the required distortion is not all decisive for the observed difference of
reactivity. At variance, the interaction energy between the deformed reactants

(AEi) is clearly much stronger for the process involving FLP3’ as the ligand from
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the very beginning of the process up the transition state region. This stronger
interaction, as compared to the parent process involving the PPhs ligand, is then
solely responsible for the lower barrier computed for the process involving the
FLP3’ ligand. Therefore, it can be concluded that the FLP ligand, when able to
establish a significant Au---B interaction, makes the corresponding n-complex more
prone to undergo the nucleophilic addition reaction, which is ultimately translated

into a lower activation barrier.

20 - 4
/(‘/
—a— L = PPh, o
------ L = FLP3' f,/‘/‘ AEstrain
- 10
©
£
©
O
2 o4
w
<
-10 -
-20 . . T T T ; T ) '
3.0 2.8 2.6 24 22
r(C--C)/A

Figure 7.3. Comparative activation strain diagrams for the hydroarylation reactions involving
mesitylene and the m-complexes [Ph;P—-Au-phenylacetylene]t (solid lines) or [FLP3-Au-
phenylacetylene]" (dashed lines) along the reaction coordinate projected onto the forming C--C
bond. All data have been computed at the PCM(DCM)-M06L-D3/def2-TZVPP//PCM(DCM)-
BP86-D3/6-31G(d)&SDD(f) level.

The origins of the above-mentioned enhanced interaction between the
reactants along the reaction coordinate for the processes involving FLPs as ligands
can be found by analyzing the main features of the initial m-complexes formed upon
the coordination of phenylacetylene to the active [Au-L]* catalysts. As can be seen
in Table 7.4, the Au-C bond length, involving the reactive C2 carbon atom of
phenylacetylene, becomes systematically longer in all the complexes having the FLP

ligand as compared to the analogous m-complex involving the parent PPh; ligand.
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This is particularly evident in those species having the highly acidic borole moiety
in their structures (FLP5 and FLP6), which show the longest Au-C(2) bonds. As
a result of this n? — n! slippage (as compared to the PPh;system, where the extent
of asymmetry of both Au—C bonds is much lower), the electrophilicity of the
reactive carbon atom of the coordinated phenylacetylene (i.e. C2) is significantly
enhanced. This can be confirmed by the increase in the positive charge at this
carbon atom and by the stabilization of the corresponding LUMO (i.e. the orbital
accepting the electron density coming from the nucleophile). Indeed, a good linear
correlation was found when plotting these LUMO energies versus the computed
activation barriers (correlation coefficient of 0.91, see Fig. 7.S1 in the Supporting
Information). These findings are in line with the earlier seminal work by Eisenstein
and Hoffmann about the impact of the 2 — n!slippage on the shape and energy
of the LUMO of related transition metal activated olefins.*® More recently, this idea
has also been successfully applied to nucleophilic additions to Pt(II),*” Rh(I)* or

Au(I)-coordinated alkenes.'”

Table 7.4. Main features (Au—C2 distance, natural charge at C2 and LUMO
energy) of the initial m-complexes [L—Au—phenylacetylene]* in kcal mol'. All data
have been computed at the PCM(DCM)-BP86-D3/6-31G(d)&SDD(f) level.

+

L

A

Joar

,=,Ph
L r(Au-C2)/A q(C2) Eruvmo /eV r(Au-B)/A

PPh; 2.348 0.050 —3.66 -
FLPY1’ 2.440 0.062 -3.80 3.079
FLP3’ 2.397 0.052 -3.73 2.818
FLP4 2.425 0.058 -3.51 3.457
FLP5 2.467 0.071 —4.07 2.430
FLP6 2.544 0.093 —4.59 2.371

Not surprisingly, the systems having the borole fragment, which exhibit the
strongest Au---B interaction as viewed from the computed shortest Au---B distances
(see Table 7.4), present the most stabilized LUMOs and the highest value of the
positive charge at C2. Consequently, we predict that these particular complexes
having a borole as a Lewis acid partner constitute promising candidates to achieve

facile nucleophilic additions. Therefore, it can be concluded that the Au---B
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interaction in these species induces a remarkable enhancement of the
electrophilicity of the corresponding reactive m-complexes (ELuvo ranging from
—3.73 eV to —4.59 eV) as compared to those species lacking this interaction (i.e.
PPhs ligand, Evvvio = —3.66 €V) or where the Au-+-B interaction is almost negligible
(i.e. FLP4 ligand, Eiyvuo = —3.51 eV, and r(Au--B) = 3.457 A).

Conclusion

From the results of the computational study reported herein, it can be
concluded that P/B FLPs are able to establish relatively strong Au---B interactions,
whose strength is directly related to the acidity of the boron moiety. This
interaction involves the donation of electron density from the transition metal atom
to the vacant p. atomic orbital of the boron atom and significantly reduces the
electron density at the transition metal fragment, therefore enhancing its
electrophilicity as compared to the parent PhsP-AuX system. In the particular
gold(I)-catalyzed hydroarylation reaction considered in this study, which can be
used as a model for a transformation involving m-catalysis, the Au---B interaction
makes the corresponding m-complex, initially formed upon coordination of the triple
bond of phenylacetylene to the active [Au-FLP]* catalyst, much more prone to
undergo a nucleophilic addition reaction. This is confirmed by the higher positive
charge at the reactive C2 carbon atom and the stabilization of the LUMO of these
n-complexes as compared to their PPhs n-complex counterpart. As a consequence,
the interaction energy between the reactants, from the very beginning of the
transformation up to the corresponding transition states associated with the C-C
bond formation, is stronger than that of the analogous process involving the parent
PPhs as the ligand. This stronger interaction is ultimately translated into the lower
activation barriers computed for the processes involving FLPs as ligands and is
therefore the main factor behind the observed higher activity of these species.
Finally, our calculations suggest that FLPs having a borole fragment as an acidic
partner lead to markedly strong Au---B interactions, which indicates that the
corresponding catalysts constitute really promising candidates to achieve facile
nucleophilic addition. In our opinion, the present study not only rationalizes, in a
quantitative manner, the nature of the so far poorly understood interaction between
FLPs and transition metals but also provides novel insights that can be further
applied to modify FLP ligands towards the rational design of highly active

catalysts.
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Supporting Information

Table 7.S1. EDA-NOCYV analyses of the bonding situation of L—AuCl complexes. Energy values
(in kcal mol ') were computed at the ZORA-BP86-D3/T7Z2P//PCM(DCM)-BP86-D3/6-
31G(d)&SDD(f) level.

MegSi.  H

Mes,P B(CeFs)2 (Pr),P BCy, (Pr),P B O

FLP1 FLP 2 FLP 3 O FLP 4

(Bu),P~_BPh,

MesSi.  H
- CeFs
Mes,F B \ Mesé:,:s B\ \
CeF
Q CGFS 6' 5
FLP5 FLP 6
L= L= L= L= L= L= L=
L—AuNTf,
PPh; FLP 1 FLP 2 FLP 3 FLP 4 FLP 5 FLP 6
AE;, -74.2 -87.6 -89.4 -89.3 -88.8 -87.7 -92.8
AEpaun 169.6 215.8 200.7 217.3 192.6 221.9 246.4
AE. -163.5 -188.3 -192.1 -199.9 -188.2 -194.4 -205.7
B (61.1%) (62.1%)  (66.2%) (65.2%)  (66.9%)  (62.8%)  (60.7%)
AE,. -72.0 -94.8 -80.1 -89.7 -76.9 -100.4 -111.1
(29.5%) (31.2%)  (27.6%) (29.3%) (27.3%)  (32.4%)  (32.7%)
AEy, -8.3 -20.3 -17.9 -17.0 -16.4 -14.9 -22.4
‘ (3.4%) (6.7%) (6.2%) (5.6%) (5.8%) (4.8%) (6.6%)
AE, -43.1 -44.6 -43.3 -42.5 -44.0 -42.6 -44.6
(59.8%) (471%)  (54.1%) (47.4%)  (57.2%)  (42.5%)  (40.2%)
AE,o, - -20.8 -10.4 -17.8 -8.0 -27.3 -34.5
(21.9%)  (13.0%) (19.8%)  (10.4%) (27.2%)  (31.0%)
AE, 14 -8.7 -7.0 —8.17 —S.Q -8.0 —8.57 -7.7
(12.1%) (7.4%) (10.1%) (9.0%) (10.4%) (8.4%) (6.9%)
AE,. M -8.7 -6.9 -7.3 -8.3 -7.3 -7.5 -6.8
(12.1%) (7.3%) (9.1%) (9.2%) (9.4%) (7.4%) (6.2%)
ABmresV -11.5 -15.5 -11.0 -13.0 -9.5 -14.5 -17.4
) (16.0%) (16.4%)  (13.7%) (14.5%)  (12.4%)  (14.5%)  (15.7%)
q(Au)° 0.280 0.453 0.343 0.432 0.305 0.514 0.548
r(Au---B)/A[‘” 2.592 2.963 2.610 3.126 2.416 2.322

(2.347)  (2.903)  (2.663)

2 The values in parentheses give the percentage contribution to the total attractive interactions
AEusar + AEo, + AEgsy. ® The values in parentheses give the percentage contribution to the total
orbital interactions AP © Natural charges computed at the PCM(DCM)-BP86-D3/6-
31G(d)&SDD(f) level. ‘Experimental values are given within parentheses (see ref. 8).
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Figure 7.S1. Plot of the free energy barriers of the hydroarylation vs. LUMO values.
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VIII. CHAPTER 6
Understanding the C—F bond activation mediated by
frustrated Lewis pairs: Crucial role of non-covalent

interactions

The activation of a single C—F bond in di- and trifluoromethyl groups by
frustrated Lewis pairs (FLPs) has been computationally explored by means of
Density Functional Theory calculations. It is found that in this activation reaction
the FLP partners exhibit a peculiar cooperative action, which is markedly different
from related FLP-mediated processes, and where non-covalent interactions
established between the Lewis base and the substrate play a decisive role. In
addition, the process proceeds through the intermediacy of a hypervalent species
featuring a pentacoordinate carbon atom, which is rare in the chemistry of FLPs.
The physical factors controlling this process as well as the bonding situation of
these hypervalent intermediates have been quantitatively analyzed in detail by
using state-of-the-art computational methods to not only rationalize the mechanism
of the transformation but also to guide experimentalists towards the realization of

these so far elusive hypervalent systems.

Chem. Eur. J., 2021, 27, 3823-3831.
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Introduction

The discovery in 2006 by Stephan and co-workers that combinations of
sterically encumbered Lewis acids and bases can activate dihydrogen® constituted
the starting point of the so-called Frustrated Lewis Pairs (FLPs) chemistry. Owing
to the cooperative action of the FLP antagonists, where the formation of a donor—
acceptor bond between them is precluded, these species exhibit a unique and rich
reactivity, which in most cases is restricted to transition-metal complexes.>* Since
the seminal work by Stephan, impressive progress in this field has been made. As
a result, a good number of highly active FLPs have been developed including,
among others, intramolecular species? or systems having transition-metal fragments
in their structures.” In addition, the number of applications of FLPs has broadened
significantly, particularly in recent years. Indeed, FLPs have been not only
successfully applied to activate different small molecules (Hs, CO, COs, N>O, SO,
etc.) but also have been used in asymmetric syntheses® and polymerization
reactions.” More recently, the concept of FLPs has been even applied towards the
development of heterogeneous catalysts and new materials,® which clearly illustrates

the current growing interest in this area of main group chemistry.

In this regard, FLPs were recently applied by Young and co-workers to
activate a single C—F bond in di- and trifluoromethyl groups (Scheme 8.1).% 1112
The use of FLPs in this reaction constitutes an elegant solution to the longstanding
problem of multiple C—F functionalizations typically observed in Lewis acid-
catalyzed reactions, which derives from the lower reactivity of the polyfluoride
starting materials with respect to their substituted products.”® In contrast, the
resulting phosphonium or pyridinium salts formed in this novel FLP-mediated
process are “deactivated” intermediates that can be further functionalized by
nucleophilic substitutions or electrophilic transfer reactions, therefore leading to a
wide variety of products with potential applications in medicinal chemistry or

materials science.? !
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Scheme 8.1. Mono-selective functionalization of C-F bonds in di- and trifluoromethyl groups
described by Young and co-workers (see refs. [9]-[11]).

Despite the evident synthetic potential of this transformation, which can be
even performed catalytically in the Lewis acid by the addition of TMSNTY, as a
fluoride sequestering agent,'** very little is known about the actual role of the FLP
in the process. For this reason, we decided to gain a detailed understanding of the
unknown cooperative action of the FLP partners in the transformation. The
physical factors controlling this novel and synthetically useful FLP-mediated C—F
activation reaction will be quantitatively analyzed by the combination of the
Activation Strain Model (ASM)¥ of reactivity and the Energy Decomposition
Analysis (EDA)' methods. This approach has been chosen because it has not only
contributed to our current understanding of fundamental reactions in organic,
organometallic, and also main group chemistry,’>1” but also because it has been
particularly helpful to rationalize small molecule activation reactions mediated by
related FLPs."® As it will be described herein, our state-of-the-art quantum chemical
calculations suggest that this reaction proceeds via the intermediacy of hypervalent
species featuring a pentacoordinate carbon atom, which is rare in the chemistry of
FLPs. The bonding situation in these intermediates will be also investigated in
detail to stimulate experimentalists towards the experimental realization of these

elusive species.

Computational Details

Geometry optimizations of the molecules were performed without symmetry
constraints by using the Gaussian 09 (Rev D.01)Y suite of programs at the
dispersion corrected B3LYP*-D3%/def2-SVP* level including solvent effects
(solvent = dichloromethane) with the Polarization Continuum Model (PCM)
method.? Reactants and adducts were characterized by frequency calculations, and

have positive definite Hessian matrices. Transition states show only one negative
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eigenvalue in their diagonalized force constant matrices, and their associated
eigenvectors were confirmed to correspond to the motion along the reaction
coordinate under consideration by using the Intrinsic Reaction Coordinate (IRC)
method.? Energy refinements were carried out by means of single-point calculations
at the same DFT level using the much larger triple-z basis set def2-TZVPP.?* This
level is denoted PCM(DCM)-B3LYP-D3/def2-TZVPP//PCM(DCM)-B3LYP-
D3/def2-SVP. Additional single-point refinements were carried out at the same
DFT level using the much larger def2-QZVPP basis set for the process depicted in
Figure 8.1 to check the reliability of the selected computational level. It was found
(see Figure 8.S1 in the Supporting Information) that the relative energy differences
are almost negligible, which indicates that the selected level is sufficient for the

purpose of the present study.

Charges and donor—acceptor interactions were computed at the same DFT
level with the NBO6.0 method.” The QTAIM results described in this work were
also computed at the same computational level. The topology of the electron density

was conducted by using the AIMAIl program package.”

Activation strain model of reactivity and energy decomposition analysis

Within the ASM method," also known as distortion/interaction model,* the
potential energy surface AE(L) is decomposed along the reaction coordinate, ¢, into
two contributions, namely the strain AFy.in({) associated with the deformation (or
distortion) required by the individual reactants during the process and the

interaction AEiw({) between these increasingly deformed reactants [Eq. (8.1)]:

AE() = ABwin(C) + ABu(C) (8.1)

Within the EDA method,!® the interaction energy can be further decomposed
into the following chemically meaningful terms [Eq. (8.2)]:

AEin(C) = AVestat(€) + AEpaui(€) + AE(C) + AEuisp(C) (8.2)

The term A Viga: corresponds to the classical electrostatic interaction between
the unperturbed charge distributions of the deformed reactants and is usually

attractive. The Pauli repulsion AFp.,u comprises the destabilizing interactions
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between occupied orbitals and is responsible for any steric repulsion. The orbital
interaction AFEy, accounts for bond pair formation, charge transfer (interaction
between occupied orbitals on one moiety with unoccupied orbitals on the other,
including HOMO-LUMO interactions), and polarization (empty—occupied orbital
mixing on one fragment owing to the presence of another fragment). Finally, the
AFysp term accounts for the interactions coming from dispersion forces. Moreover,
the NOCV (Natural Orbital for Chemical Valence)* extension of the EDA method
has been also used to further partitioning the A E,, term. The EDA-NOCYV approach
provides pairwise energy contributions for each pair of interacting orbitals to the

total bond energy.

The program package ADF*® was used for EDA calculations using the
optimized PCM-B3LYP-D3/def2-SVP geometries at the same B3LYP-D3 level in
conjunction with a triple-C-quality basis set using uncontracted Slater-type orbitals
(STOs) augmented by two sets of polarization functions with a frozen-core
approximation for the core electrons.? Auxiliary sets of s, p, d, f, and g STOs were
used to fit the molecular densities and to represent the Coulomb and exchange
potentials accurately in each SCF cycle.®® Scalar relativistic effects were
incorporated by applying the zeroth-order regular approximation (ZORA).* This
level of theory is denoted ZORA-B3LYP-D3/TZ2P//PCM(DCM)-B3LYP-
D3/def2-SVP.

Results and Discussion

We first explored the experimentally studied C—F activation reaction in
p-Me-trifluoromethylbenzene  (1a) mediated by the BCF/TPPY pair
(BCF=B(C¢Fs);, TPPY=triphenylpyridine) leading to the experimentally
observed! pyridinium salt 2a (Figure 8.1). Two possible reaction pathways can be
envisaged, namely (i) the non-cooperative pathway, where the Lewis acid solely
activates the C—F bond and then the resulting cationic intermediate reacts with
the Lewis base (i.e., Sx1-type mechanism) or (ii) the cooperative path, where the
C—F activation by the Lewis acid is also mediated by the base (i.e., FLP
mechanism). For the non-cooperative mechanism, the process begins with the
exothermic formation of an initial reactant complex (RC-1a’) where the boron
atom of the Lewis acid weakly interacts with the reactive fluorine atom of 1a. Not

surprisingly, the formation of this species becomes only slightly exergonic (AG=
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—0.6 kcal mol™') when thermal free energy corrections at 298.15 K are considered,
mainly as a result of entropic effects. From this intermediate, the activation
reaction occurs via the transition state TS1-1a’, a saddle point associated with the
simultaneous rupture of the C—F bond and formation of the new B—F bond. A
rather similar reaction profile was computed for the cooperative pathway (Figure
8.1, blue pathway).*> Despite that, the presence of the TPPY Lewis base clearly
favors this FLP pathway over the non-cooperative reaction along the entire reaction
coordinate. Strikingly, whereas the non-FLP pathway leads to the formation of the
[p-tolyl-CF]* cation, the process via TS1-la affords the neutral intermediate
INT-1a, a species where the reactive carbon atom is simultaneously bonded to the
released fluoride (C-F bond length of 2.425 A) and the nitrogen atom of the Lewis
base (C-N bond length of 2.613 A). Therefore, this intermediate can be viewed as
a hypervalent system featuring a pentacoordinate carbon atom. We will describe

the bonding situation of this unusual intermediate in detail later on.

CF3 °

vf‘tﬂz\ y o TS11a

Me *+ B(CFs)s i /98(16.4) I

1a ’ \\\ +[FB(C6F5)3]@

SRAILAER TS1-1a 3.1(12.0) o
AN /=05 (15.4) "\ A
(oo “_INTAa_____Ts2-a PN

N -8.4 (10.7) -8.1 (11.3) Ph

Me@" \

F \
RC-1a’ RC-1a B(CeFa) -
17.4(02) | |
4( )> F< " HFBCeFol”
e < -21.1(=0.6)
RC-1a l;ase

Figure 8.1. Computed reaction profile for the BCF-mediated (black lines) and BCF/TPPY-
mediated (blue lines) C—F activation reaction involving the trifluoromethyl system la. Relative
energies (computed at the PCM(DCM)-B3LYP-D3/def2-TZVPP//PCM(DCM)-B3LYP-D3/def2-
SVP level) and bond lengths are given in kcal mol ! and A, respectively. Relative free energies (AG,
298 K) are given within parentheses and were computed at the PCM(DCM)-B3LYP-D3/def2-SVP

level.
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Once the C—F activation has occurred, an intramolecular Sx2-type reaction
takes place via TS2-1a affording the experimentally isolated pyridinium cation 2a
and [(CF5)sB-F]~. The easiness of this Sx2 reaction (AE# = 0.3 kcal mol™, AG* =
0.6 kcal mol™) sharply contrasts to the analogous process (1a+TPPY) occurring in
the absence of the Lewis acid (AE* = 56.3 kcal mol™!, AG* = 81.6 kcal mol™),
which is mainly due to the weaker C—F bond owing to Lewis acid coordination and
a build-up of positive charge on the reactive carbon atom. Therefore, our
calculations indicate that the cooperative action of the FLP antagonists not only
makes the process more favorable but also leads to a hypervalent intermediate,
which undergoes an extraordinarily easy intramolecular Sx2 reaction leading to the

experimentally observed pyridinium salt 2a.

The Activation Strain Model (ASM) of reactivity was applied next to
understand why the key C—F activation reaction is energetically favored in the
presence of the Lewis base (FLP cooperative mechanism) over the analogous non-
cooperative pathway. Figure 8.2 shows the corresponding Activation Strain
Diagrams (ASDs) for both processes from the respective initial reactant complexes
up to the corresponding transition states projected onto the forming B--F bond
length. Similar to related intermolecular FLP-mediated activation reactions,®** we
used la and [BCF-+TTPY] as fragments for the analysis of the cooperative
mechanism. According to the data in Figure 8.2, the FLP pathway benefits from a
less destabilizing strain energy along the entire reaction coordinate and,
particularly, at the transition state region. This can be mainly ascribed to the less
deformation energy required by the substrate la to adopt the geometry of the
corresponding transition state. Indeed, TS1-1a is reached earlier (C--F breaking
distance of 1.766 A) than TS1-1a’ (C--F breaking distance of 1.787 A), which
results in the lower AFEgn.in computed for the FLP pathway. In addition, the
interaction energy between the deformed reactants is clearly stronger for the FLP
pathway also along the entire C—F activation reaction. Therefore, the combined
effects of a less destabilizing strain and a stronger (i.e., more stabilizing) interaction
along the entire transformation make the cooperative C—F activation more

favorable than the analogous reaction occurring in the absence of the Lewis base.
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Figure 8.2. Comparative activation strain diagrams for the non-cooperative (solid lines) and
cooperative (dashed lines) C—F activation reaction in 1la along the reaction coordinate projected
onto the forming B---F bond length. All data were computed at the PCM(DCM)-B3LYP-D3/def2-
TZVPP//PCM(DCM)-B3LYP-D3/def2-SVP level.

The stronger interaction between the deformed reactants computed for the
FLP pathway deserves further analysis. With the help of the EDA method, the
different contributors to the total interaction energy can be quantified. On the basis
of the behavior of other Lewis bases in related FLP-mediated activation
reactions,”™ one might initially think that the stronger interaction computed for
the FLP pathway directly derives from stronger orbital interactions as a
consequence of the polarization of the reactive C—F bond induced by the Lewis
base. However, as readily seen in Figure 8.3, which graphically shows the evolution
of the EDA terms along the reaction coordinate once again from the respective
initial reactant complexes up to the corresponding transition states, the computed
orbital term (AEqm) is only slightly more stabilizing for the cooperative pathway.
According to the NOCV extension of the EDA method, the main orbital interaction
in the FLP mechanism is exclusively dominated by the o(C-F)—B(p.) interaction
with no measurable contribution of the Lewis base (Figure 8.4), which is consistent
with the rather long C--N distance of 3.099 A in TS1-1a. This is exactly the same

orbital interaction occurring in the absence of the Lewis base, and therefore it is

not surprising that both processes exhibit nearly identical orbital interactions. At

- 176 -



VIII. Chapter 6

variance, the FLP-mediated C—F activation benefits from stronger electrostatic
interactions and, to a higher extent, from much more stabilizing dispersion
interactions (measured by the AFE.uu.. and AFEy, terms, respectively). Both
contributions offset the less destabilizing Pauli repulsion (AEp.i) computed for the
non-cooperative pathway and are therefore responsible for the stronger interaction

computed for the favored FLP mechanism.

120 e
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Figure 8.3. Comparative energy decomposition analyses for the non-cooperative (solid lines) and
cooperative (dashed lines) C—F activation reactions involving la along the reaction coordinate

projected onto the forming B-F bond length. All data were computed at the ZORA-B3LYP-
D3/T72P//PCM(DCM)-B3LYP-D3/def2-SVP level.

The significant role of dispersion interactions in the C—F activation reaction
occurring in the presence of the Lewis base can be readily understood with the help
of the non-covalent interaction (NCI) method.** This method has been particularly
useful to understand the influence of dispersion on the stabilization of intermediates
and transition states and its impact on reactivity.*® As illustrated in Figure 8.4 for
the transition state TS1-1a, there exist two stabilizing non-covalent interactions
(green surfaces) established between TPPY and the substrate, namely a mn
stacking between the aryl fragment of la and a phenyl group of TPPY
(AT controid Pheenirod distance of 3.62 A) and two additional C—F-x interactions
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involving the non-reactive fluorine atoms of 1a and a different phenyl group of the
base (shortest F+Phenwa distance of 3.08 A). Both non-covalent interactions are
present along the entire activation reaction and up to the formation of the
intermediate INT-1a (AFEqys = —27.8 keal mol ™!, see Figure 8.52 in the Supporting
Information) and are mainly responsible for the stronger dispersion interactions
computed for the FLP pathway. The occurrence of such stabilizing non-covalent
interactions also explains (at least, in part) why the analogous reactions involving
lutidine or pyridine instead of TPPY as the base partner, where these dispersion
interactions are absent, experimentally gave poor conversion or failed to react with
1a.!? Indeed, our calculations confirm that the process involving lutidine is both
kinetically and thermodynamically less favored than the process involving TPPY
(see Figure 8.S3 in the Supporting Information). A similar result was found when
using NTf,™ as a base (see Figure 8.54 in the Supporting Information), which further

supports the crucial role of these non-covalent interactions in the transformation.

NOCV o NCI ' .
no orbital contribution from TPPY stabilizing non-covalent interactions

Figure 8.4. (Left) Plot of the deformation densities Ap of the pairwise orbital interactions occurring
in TS1-1a (isovalue of 0.0015 a.u.). The color code of the charge flow is red—blue. (Right) Contour
plots of the reduced density gradient isosurfaces (density cutoff of 0.03 a.u.) for TS1-1a. The green
surfaces indicate attractive non-covalent interactions.

In addition, we also explored the analogous C—F activation reaction involving
a substrate with an aliphatic (instead of aromatic) substituent, which
experimentally is seen to be much more challenging'® and where the crucial -7
non-covalent interaction is not possible. Our calculations, involving either HsC—CF's

or H;C-CHF5, indicate that the corresponding hypervalent intermediate is not a
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stable intermediate on the potential energy surface but a transition state associated
with the displacement of the BCF-activated fluorine atom by the base. Therefore,
the lack of this critical stabilizing non-covalent interaction turns the C—F
activation mechanism into a standard Sx2 reaction (see Figure 8.85 in the
Supporting Information), which highlights the influence of the non-covalent

interactions on the mechanism of the transformation.

Once the transition state TS1-1a is reached (i.e., the C—F is broken), the
Lewis base further approaches the electron-deficient (¢ = +1.16) carbon atom of
the substrate. As a consequence, TPPY not only interacts via the above commented
non-covalent interactions but also through a potent LP(N)—C(p.) two-electron
donation. Indeed, snapshots of the NOCV deformation densities at the final
intermediate INT-1a and a midpoint after TS1-1a (Figure 8.5) clearly confirm
that whereas this orbital interaction is negligible in the transition state (see above),
it becomes increasingly more significant when approaching the intermediate. As a
result, the main orbital interaction in the transition state (AE(p)=—51.4 kcal mol™,
Figure 8.4) is continuously reinforced by the LP(N)—p,(C) interaction
(AE(p)=—94.2 kcal mol™ at the midpoint), reaching its maximum at the final
intermediate (AE(p)=—107.1 kcal mol™, Figure 8.5). Therefore, our calculations
indicate that similar to dihydrogen activations mediated by either inter- or
intramolecular FLPs," * the key o(substrate)—p,(B) and LP(N)—oc*/p.(vacant
orbital of the substrate) molecular orbital interactions take place cooperatively
along the reaction coordinate. However, and at variance with typical FLP-mediated
processes, in the considered C—F bond activation these interactions do not occur
in a concerted manner but at rather different stages of the transformation, which
ultimately leads to the formation of a hypervalent intermediate. Despite that, the
Lewis base is not a mere spectator at the beginning of the process (where the
interaction of the substrate with the Lewis acid dominates) but significantly
contributes to the stabilization of the entire reaction coordinate through non-
covalent interactions. These findings, namely (i) non-concerted cooperation
between the FLP partners, (ii) the intermediacy of a hypervalent intermediate with
a pentacoordinate carbon atom, and (iii) the critical role of non-covalent
interactions, are genuine features of the activation of C—F bonds promoted by
FLPs.
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©

midpoint INT-1a
r(C-N)=2.849 A r(C-+N)=2.613A
r(C-F)=2.108 A r(C-F)=2.425A
mainly o(C—-F) — B(p,) o(C-F) —= B(p,)

+LP(N) —= C(p,)

Figure 8.5. Plot of the deformation densities Ap of the pairwise orbital interactions occurring in
INT-1a (right) and at a midpoint between TS1-1a and this intermediate (left). The color code of
the charge flow is red—blue (isovalue of 0.0015 au).

The bonding situation of the intermediate INT-1a deserves further analysis.
As depicted in Figure 8.1, this species presents a slightly distorted trigonal
bipyramidal (TBP) pentacoordinate structure (av. F—C—Cy, angle of 122.6°) with
relatively long apical distances (C--F=2.425 A and C--N=2.613 A, F--C--N angle
of 167.1°). The geometry of this intermediate strongly resembles those of the
hypervalent pentacoordinate carbon compounds bearing an oxygen-donating
anthracene skeleton experimentally characterized by Yamamoto, Akiba, and co-
workers.** Note, however, that in INT-la the apical substituents are not
geometrically confined by a molecular scaffold.*” Such unconstrained species with a
TBP structure are extraordinarily rare and, to the best of our knowledge, only a
few systems including the cationic [MesSi—CHs—SiMes|* have been experimentally
detected.®* Related cationic and also anionic hypervalent species have been also
proposed computationally?® together with the experimentally well-known
[RsAl—CHs;—AIRs]~ anions.*!

The nature of the C—F(BCF) and C—N(TPPY) interactions was also
investigated with the QTAIM and NBO methods. Figure 8.6(top), which shows the
Laplacian distribution in the F---C---N plane, clearly confirms the occurrence of C—F

and C—N bond critical points together with the corresponding bond paths running
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between the involved atoms. Not surprisingly, the C—F and C—N bonds are weak
and partly ionic as confirmed by the small values of the electron density [p(r): 0.021
and 0.022 eA 3 respectively] and the small positive Laplacian values [V2p(r): 0.087
and 0.065 eA*"’] computed at the bond critical points. Rather similar values were
reported for the C—O bonds of the hypervalent species described by Yamamoto
and co-workers.* In addition, the respective delocalization indices, which have been
suggested as a measure of the bond strength,?? are relatively low but not negligible:
3(C--F)=0.05 and &(C-+N)=0.09. The computed & values also suggest that the
C—N interaction is almost twice as strong as the C—F interaction. The second-
order perturbation theory (SOPT) of the NBO method nicely agrees with that.
Indeed, this method locates two donor—acceptor interactions involving the two-
electron donations from the LP(F) and LP(N) orbitals to the vacant p. atomic
orbital of the trigonal carbon atom (Figure 8.6, bottom). The associated SOPT
energies are —17.5 and —28.7 kcal mol™ for the LP(F)—p,(C) and LP(N)— p,(C)
interactions, respectively, thus confirming the much higher strength of the latter
interaction as a consequence of the higher donor ability of the nitrogen atom
compared with fluorine. Moreover, and as commented above, INT-1a is further
stabilized by 77 (Alcentroid* Pheentrod distance of 3.62 A) and C—F--n (shortest
F-Pheentoi distance of 3.07 A) stabilizing non-covalent interactions, similar to those
occurring in TS-1a (see corresponding NCI plot in Figure 8.52 in the Supporting
Information). These findings firmly indicate that intermediate INT-1la can be
considered as a three-center, four-electron (3c—4e) hypervalent system featuring a

pentacoordinate carbon atom.
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LP(F)— C(p.)

LP(N) —~ C(p,)

Figure 8.6. Laplacian distribution of INT-1a in the F—C—N plane. Bond critical points are
represented as small green spheres (top). Donor-acceptor interactions located by the SOPT of the
NBO method (bottom).

As described above, the hypervalent intermediate INT-1a readily undergoes
a fast Sx2-type intramolecular reaction (AE* = 0.3 kcal mol™) leading to the
experimentally isolated pyridinium cation 2a in a strongly exothermic process. For
this reason, no traces of this intermediate were detected in the experiments."
Despite that, we hypothesized that a further stabilization of the incipient positive
charge of the trigonal, pentacoordinate carbon atom (q = +1.11 in INT-1a) would
increase the chances of isolating/detecting such species. To this end, we simply
placed m electron-donor substituents (NMe; and OMe) at the para position of the
phenyl group of 1la. From the data in Figure 8.7, which shows the corresponding
computed reaction profiles, it becomes evident that both substituents stabilize the
initial transition state as well as the hypervalent intermediate compared with the

lower electron-donating methyl group (1a). In addition, the subsequent
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intramolecular Sx2 reaction also proceeds slower than the analogous process
involving 1a. As expected, the influence of the NMe, group on the process is much
greater than that of the methoxy substituent as a consequence of the higher -
donor ability of the NMe, group (corresponding Hammett o,* constants of —1.70
and —0.78, respectively),* which results in a significant increase of the barrier of
the Sx2 reaction (AE* = 8.2 kcal mol™!; AG* = 7.4 kcal mol™'). Strikingly, the
intermediate derived from the 1a-NMe: is even slightly more stable than the final

[2a-NMe,|* [BCF-F|~ product. This result is also markedly different from the
processes involving 1a or 1a-OMe.

1a, R = Me
CF :1a-OMe, R = OMe !
8 i1a-NMe,, R = NMe,!

11a-NO, , R = NO
+ B(CgFs)3. 2 2

S]
---------------------- B(CeFs)
+ TPPY TS1-1a l

R 2.7 (19.7) !
% =0.5(15.4) .. “@TFF
o {5 (187) 0 Ts21a . On ™
[4.4(10.4), VN _INT1a 8.1 (11.3) @
' V=84 (10.7) s ommmm——
, L 9.6 (8.1)Y,
1 RC1a . —11.0(5.7) ( "y 2a "
t_17.2 (0.1)/ s — % -20.3(-1.0)
\‘\‘A—O—L ! ;—15.6 (316). " -20.5 (-2.3)
-17.4(0.2) ; S —21.1 (<0.6)
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# é
R F(H) :
pVant )
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Figure 8.7. Comparative reaction profiles for the C—F activation reactions involving p-substituted

la. Relative energies were computed at the PCM(DCM)-B3LYP-D3/def2-

TZVPP//PCM(DCM)-B3LYP-D3/def2-SVP level. Relative free energies (AG, 298 K) are given
within parentheses and were computed at the PCM(DCM)-B3LYP-D3/def2-SVP level.

Not surprisingly, the replacement of the methyl group in 1a by an electron-

withdrawing group such as NO, (o,* = 0.72) provokes the opposite effect. Indeed,
the corresponding hypervalent intermediate could not be located on the potential

energy surface and the respective transition state TS1-1a-NO; directly converges
into the final reaction products (see the corresponding IRC plot in Figure 8.56 of
the Supporting Information). This result is consistent with the reactivity profile

reported experimentally by Young and co-workers (i.e., electron-withdrawing
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10 Therefore, we

groups at the para position slowed the rate of the C—F activation).
predict that substrate la-NMe, and related systems with strong mn-donor
substituents in their structures constitute really promising candidates to, at least,
detect under controlled experimental conditions these rare (and still elusive)

hypervalent systems featuring a pentacoordinate carbon atom.

We finally compared the rate-limiting C—F bond activation step involving
the trifluoromethyl reactant la with the analogous process involving 1b, which
bears a difluoromethyl group. For completeness, we also considered the substrate
1c with a CHsF group. As shown in Figure 8.8, it is confirmed that the FLP
cooperative mechanism is favored regardless of the number of fluorine atoms in the
initial reactant. Interestingly, the replacement of fluorine by hydrogen atoms
steadily favors the entire transformation from the initially formed reactant complex
up to the corresponding hypervalent intermediates. Thus, the transformation
becomes kinetically easier (i.e., proceeds with a lower barrier) and even exergonic
when going from 1a to 1b or 1c. The computed reactivity trend is consistent with
the reported C—F bond dissociation energies, which decreases with the number of
hydrogen atoms (131, 128, 120, and 110 kcal mol™! for CF,, CHFs;, CH.F,, and
CHsF, respectively)®# and, interestingly, nicely follows the Hammond-Leffer
postulate.” Indeed, the corresponding transition states are reached earlier and
earlier (C-+F=1.766 A, 1.760 A, and 1.751 A, for TS1-1a, TS1-1b, and TS1-1c,
respectively) with the reduction of the number of fluorine atoms attached to the

reactive carbon atom.
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Figure 8.8. Computed reaction profiles for the C—F activation of 1a, 1b, and 1c mediated by the
BCF/TPPY FLP. Relative energies (computed at the PCM(DCM)-B3LYP-D3/def2-
TZVPP//PCM(DCM)-B3LYP-D3/def2-SVP level) and bond lengths are given in kcal mol™' and
A, respectively. Relative free energies (AG, 298 K) are given within parentheses and were computed
at the PCM(DCM)-B3LYP-D3/def2-SVP level.

The stabilization of the hypervalent intermediate upon the replacement of
fluorine by hydrogen atoms can be easily understood in terms of the lower
stabilization of the positive charge of the trigonal carbon atom induced by the
fluorine atoms compared with hydrogen atoms. This is confirmed by the computed
charges at such carbon atom (+1.11, +0.81, and +0.46, summed with hydrogen
atoms, for 1la, 1b, and 1lc, respectively), which follows the same trend as the
relative stability of the intermediate. Therefore, it is confirmed that the
stabilization of the incipient positive charge of the sp*carbon atom either by the
substituents directly attached to it or by remote substituents in the adjacent aryl
ring constitutes a promising approach towards the realization of these new

hypervalent species.

On the other hand, the reduction of the activation barrier should mainly
derive, according to the above-mentioned earlier nature of TS1-1b and TS1-1c
with respect to TS1-1a, from a lower, less destabilizing strain energy. To check
this, we applied once again the ASM to compare the processes involving la and

1b. As graphically shown in Figure 8.9, the interaction energy for the process
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involving 1b is only more stabilizing at the beginning of the transformation and is
therefore responsible for the higher stability (with respect to the separate reactants)
of the reactant complex RC-1b (or RC-1c) compared with RC-1a. At variance,
at the proximities of the transition state region (where the barrier arises), the AFin
term computed for both processes is nearly identical and therefore is not at all
responsible for the reduction of the barrier upon F/H replacement. Instead, the
reaction involving 1b benefits from a less destabilizing strain energy, which is
translated into the computed lower barrier. As commented above, this lower strain
exclusively originates from the less distortion energy required by the substrate 1b
compared with la (AAF*mn = 5.0 kcal mol™), which roughly matches the

computed transition state energy difference (AAE* = 6.1 kcal mol™).

45 -

304 —=—1a+B(C,Fy), + TPPY
5 1b + B(CgFs); + TPPY

—_—
o 8]
] ]

AE [ kcal mol™
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Figure 8.9. Comparative activation strain diagrams for the BCF/TPPY-mediated C—F activation

reactions involving 1a (solid lines) and 1b (dashed lines) along the reaction coordinate projected
onto the forming B---F bond length. All data were computed at the PCM(DCM)-B3LYP-D3/def2-
TZVPP//PCM(DCM)-B3LYP-D3/def2-SVP level.

Conclusion

Our computational study reveals that the activation of a single C—F bond in

di- and trifluoromethyl groups by FLPs exhibit a peculiar cooperative action
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between the FLP partners, which is markedly different from related FLP-mediated
activation reactions. In this particular transformation, the cooperation does not
take place in a concerted manner but at different stages of the transformation, that
is, the LP(N)—p.(C) interaction only occurs once the C—F bond is significantly
activated by the Lewis acid. Despite that, the Lewis base is not a mere spectator
at the beginning of the process (where the interaction of the substrate with the
Lewis acid dominates) but significantly contributes to the stabilization of the entire
reaction coordinate through stabilizing non-covalent interactions (m---w and C—F-x
interactions). As a result, this C—F bond activation proceeds through the
intermediacy of a three-center, four-electron (3c—4e) hypervalent species featuring
a pentacoordinate carbon atom. Our calculations predict that the stabilization of
the incipient positive charge of the trigonal carbon atom in these hypervalent
intermediates might be used towards the isolation/detection of these elusive species.
These findings, namely (i) non-concerted cooperation between the FLP partners,
(ii) the intermediacy of a hypervalent intermediate with a pentacoordinate carbon
atom, and (iii) the critical role of non-covalent interactions, are genuine features of
the studied C—F bond activation reactions and may stimulate future experimental

work toward the design of novel bond activation reactions mediated by FLPs.
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Figure 8.S2. Contour plots of the reduced density gradient isosurfaces (density cutoff of 0.03 a.u.)
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“The numbers are meaningless, but

the trends are important.”

Larry Burggraf






IX. Discussion

In this section, the most relevant aspects of the chapters discussed above will
be discussed. In addition, a critical assessment of both the results and the initial

objectives will be also presented.

9.1. Influence of the Lewis acid/base pairs on the reactivity of geminal

E—CH.—FE’ frustrated Lewis pairs.!

First, we have explored the influence of the nature of the acid/basic partners
on the reactivity of geminal FLPs composed of combinations of different Group 13
and Group 15 elements as acidic and basic atoms, respectively. We have selected
this particular family of FLPs because, in comparison with intermolecular FLPs,
the reactions involving intramolecular FLPs proceed with a lower entropy penalty
due to the preorganization occurring in these systems.?® In addition, we have
focused on the most representative reaction in the chemistry of FLPs, i.e. the
dihydrogen activation reaction (Scheme 9.1). Besides understanding how the nature
of the FLP antagonists impacts the reactivity, we aim at identifying the best
combination of the Group 13/Group 15 elements leading to the most active system

for the H, activation reaction.

®_.0

Me,E” EPh, + Hy ———— MezE/\Ili'th
[
H H
E =N, P, As, Sb (group 15)
E' =B, Al, Ga, In (group 13)

Scheme 9.1. H, activation reaction mediated by geminal FLPs considered in this study.

Our Density Functional Theory (DFT) calculations for the reactions shown
in Scheme 9.1, which involve up to 16 different combinations of LA/LB pairs,
indicate that in all cases the process occurs in a concerted manner leading to the
heterolytic splitting of the H, molecule. It is found that earlier transition states

(TSs) are associated with lower activation barriers, thus satisfying the

''J. J. Cabrera-Trujillo, I. Ferndndez, Chem. Fur. J., 2018, 2/, 17823-17831.

2T. A. Rokob, A. Hamza, I. P4pai, J. Am. Chem. Soc., 2009, 131, 10701-10710.

* F. Bertini, V. Lyaskoyskyy, B. J. J. Timmer, F. J. J. de Kanter, M. Lutz, A. W. Ehlers, J. C.
Slootweg, K. Lammertsma, J. Am. Chem. Soc., 2012, 13/, 201-204.
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Hammond-Leffer postulate.* Indeed, we found a very good linear relationship (R*>
0.99) when plotting the H--H bond-breaking distances in the TSs versus the
respective computed activation barriers. Similar linear correlations were also found
when using the corresponding LA--H bond-forming distances versus the respective
activation energies. Therefore, these findings suggest that both the computed H---H
or the LA---H distances in the respective T'Ss can be used as a reliable, quantitative
measure of the barriers associated with the corresponding H, activation reactions

mediated by these geminal FLPs.

Interestingly, the activation barrier for the considered H, activation reaction
steadily increases when going down the Group 15 regardless of the nature of the
acidic E” atom. This finding may be initially ascribed to the reduction of basicity
when going down the Group 15 (i.e. nitrogen is much more basic than antimony).
On the other hand, when having the same basic atom, we found that the activation
barriers decrease when going down from boron to indium, with the remarkable
exception of aluminum, which exhibits the lowest activation barriers in all the
considered series. This means that the FLP composed of Al/N is the most active

system of this family of geminal FLPs.

To gain a deeper insight into the physical factors that are responsible for the
computed reactivity trend, we applied the activation strain model (ASM) of
reactivity. First, we focused on the H, activation reactions involving the geminal
Me,E-CH,—BPh, (E = N, P, As, Sb) FLPs. From the corresponding activation
strain diagrams (ASDs, Figure 9.1), it becomes evident that the computed
reactivity trend (i.e. activation barrier increases in the order B/N < B/P < B/As
< B/Sb) directly originates from the strain energy (AFwm) associated with the
deformation of the reactants from their equilibrium geometries to the geometry
they adopt in the corresponding transition states. The partitioning of the AFEiran
term into contributions coming from both reactants (i.e., Ho and FLP) indicates
that the strain associated with distorting the FLP reactant is the main contributor
to the total AFyw.in. At variance, the interaction energy between the deformed
reactants is nearly identical in all cases, which suggests that the basicity of the

Group 15 atom is not directly related to the observed reactivity trend.

' (a) J. E. Leffler, Science, 1953, 117, 340-341; (b) G. S. J. Hammond, J. Am. Chem. Soc., 1955,
77, 334-338.
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Figure 9.1. Comparative activation strain diagrams for the H, activation reaction involving the
geminal FLPs B/N, B/P, and B/Sb.

We also applied the ASM approach to analyze the computed reactivity trends
when the acidic atom is modified. Figure 9.2 graphically shows the evolution of the
ASM terms for the processes involving the Me:-N—CH,—E'Ph, FLPs (E’ = B, Al,
In). We found that the boron-based FLP required a much higher strain energy
along the entire reaction coordinate as compared to the FLPs containing the heavier
Group 13 acidic atoms. For this reason, the B/N-based FLP becomes the least
reactive of this series. The AFEg:.in term is nearly identical for the systems containing
Al and In and, therefore, this term is not responsible for the different reactivity
computed for these two systems. At variance, the process involving the Al/N-based
FLP benefits from a comparatively stronger interaction, which results in the lower
barrier computed for this particular system. Therefore, the high reactivity of the
Al-based FLPs can be ascribed to the combination of a lower A Fyin (in comparison
with B-based FLPs), as well as a stronger interaction energy between the deformed
reactants (in comparison with its heavier analogues) along the entire reaction

coordinate.
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Figure 9.2. Comparative activation strain diagrams for the H, activation reaction involving the
geminal FLPs B/N, Al/N, and In/N.

The origin of the stronger interaction between the reactants computed for the
process involving the Al/N-based FLP was quantitatively analyzed with the help
of the energy decomposition analysis (EDA) method. Figure 9.3 shows the evolution
of the different EDA terms along the reaction coordinate for the H, activation
reaction mediated by the geminal FLPs Me.N—CH.—E’Ph, (E’ = B, Al, In). By
comparing the processes involving the Al/N and In/N systems, we found that the
Al/N FLP is more reactive exclusively due to a much stronger orbital interaction
between the deformed reactants along the entire reaction coordinate. According to
the natural orbital for chemical valance (NOCV) extension of the EDA method,
the more stabilizing orbital interactions in the reaction involving the Al/N system
derive from stronger cooperative electron donation from the nitrogen lone pair to
the o* molecular orbital of the H, and the electron donation from the o molecular
orbital of the Hs to the vacant p orbital of the acidic atom. The corresponding
pairwise orbital interaction, which can be written as LP(N) — o*(H,) and o(H,)
— p.(Al or In), is ca. 8 kcal/mol higher for the Al/N system (computed at the same
N--H bond-forming distance, see Figure 9.4). This finding is fully consistent with
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the previous work on related geminal B/N FLPs reported by our research group’
and is also in line with the general electron-transfer model proposed by Péapai and

co-workers where orbital interactions are key to promote FLP reactivity.®
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Figure 9.3. Comparative energy decomposition analysis for the H. activation reaction involving
the geminal FLPs B/N, Al/N, and In/N.

In/N

AE{(p) =-78.9 kcal/mol AE{(p) =-71.2 kcal/mol

Figure 9.4. Plot of the deformation densities Ap and their associated energies AE(p) of the main
pairwise interaction between H, and the geminal FLPs Al/N (left) and the In/N (right). The

electronic charge flows from red to blue.

> D. Yepes, P. Jaque, 1. Ferndndez, Chem. Eur. J., 2016, 22, 18801-18809.
5 T. A. Rokob, A. Hamza, A. Stirling, T. Séos and 1. Pdpai, Angew. Chem. Int. Ed., 2008, /7, 2435-

2438.
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Once the influence of the nature of the FLP antagonists on the reactivity has
been analyzed and aiming at further reducing the barrier of the H, activation, we
also explored the influence of the substituents directly attached to the acidic atom
on the reactivity. To this end, we replaced the phenyl groups in the B/N and the
Al/N geminal FLPs by highly electron-withdrawing groups (EWG), namely, C¢Fs
and Fxyl (3,5—(CFs).C¢Hs). We found a clear reactivity trend in the order Ph <
Fxyl < CgF5, which correlates with the electron-withdrawing ability of the
substituents. Therefore, the geminal FLP Me,N-CH,-B(CgF5). and particularly, its
aluminum counterpart Me:N-CHx>-Al(CgF5),, are predicted as the most promising
(i.e., active) candidates to perform facile dihydrogen activation reactions (i.e.,

having relatively low activation barriers).

9.2. Understanding the reactivity of neutral geminal Group 14

element /phosphorus frustrated Lewis pairs.”

Directly related to the above study, we were interested in rationalizing the
reactivity of the geminal FLPs (F;C,)sE—CH,—P({Bu),, E = Si, Ge, Sn, recently
prepared by Mitzel and co-workers,®** to understand the influence of the Group
14 element on their reactivity. We selected the CO, and phenyl isocyanate
activation reactions (Scheme 9.2), rather than the archetypal H, activation, to

compare our computational results with the available experimental data.

(CoFsl:E~ "PtBU;  PhNCO |(CoFshE” “PtBup|  CO,  (CoFshE  PtBuy
0 = , — o)
NPh E= SI, Ge, Sn (o)

Scheme 9.2. Reactivity of Group 14 element containing geminal FLPs.

Our calculations indicate that in both reactions the corresponding activation

barriers decrease when going down the Group 14 (Si > Ge > Sn), which resembles

7 J. J. Cabrera-Trujillo, I. Ferndndez, J. Phys. Chem. A 2019, 123, 10095-10101.

¥ B. Waerder, M. Pieper, L. A. Kérte, T. A. Kinder, A. Mix, B. Neumann, H.-G. Stammler, N. W.
Mitzel, Angew. Chem., Int. Ed., 2015, 5/, 13416-13419.

%T. A. Kinder, R. Pior, S. Blomeyer, B. Neumann, H.-G. Stammler, N. W. Mitzel, Chem. Eur. J.,
2019, 25, 5899-5903.

10 P. Holtkamp, F. Friedrich, E. Stratmann, A. Mix, B. Neumann, H.-G. Stammler, N. W. Mitzel,
Angew. Chem., Int. Ed., 2019, 58, 5114-5118.

- 202 -



IX. Discussion

the trend computed for their N/Group 13 analogues (see above). This finding is
consistent with the experimental observation that the CO- activation mediated by
the Si-based FLP occurs at room temperature,® whereas the analogous reaction

using the Sn-based FLP can be carried out at -70 °C.1

This reactivity trend is mainly the result of the much stronger interaction
energy between the deformed reactants computed for the process involving the
Sn/P FLP along the entire coordinate (Figure 9.5a). In addition, this system
benefits from a less destabilizing strain energy as compared to the reaction involving
the Si/P system. According to the EDA approach, the computed stronger
interaction for the Sn/P system derives from both much stronger electrostatic and
orbital attractions from the initial stages of the transformation up to the

corresponding transition states (Figure 9.5b).
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Figure 9.5. (a) Comparative activation strain diagrams and (b) comparative energy decomposition
analysis for the phenyl isocyanate activation reaction involving the geminal FLPs
(F5C2)sE—CHy—P(tBu)s, E = Si (solid line), Ge (dashed line), Sn (dotted line).

The nature of the molecular orbital interactions and their relative
contribution to the total orbital interaction term, AFE,.,, was further analyzed by
means of the NOCV method. Two main orbital interactions are identified by this
approach, namely the donation of electron density from the lone pair of the
phosphorus to an antibonding 7* molecular orbital of the phenyl isocyanate located
in the C=0 moiety, LP(P)—n*(C=0), denoted as AE(p:), and the charge transfer
from the oxygen atom of the isocyanate to the E(C.F5) moiety, AE(p) (see Figure

9.6). Both orbital interactions are comparatively stronger in the Sn/P system than
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in the less reactive Si/P, which is translated into the more stabilizing orbital

interactions computed for the former system.

(a) Si/P + PhNCO

AE(p4) =—8.4 kcal/mol AE(po) = —2.8 kcal/mol

(b) Sn/P + PhNCO

AE(p4) =—12.6 kcal/mol AE(p,) =—-5.1 kcal/mol

Figure 9.6. Contour plots of NOCV deformation densities Ap and their associated energies AE{(p)
for the main orbital interactions between PhNCO and geminal FLPs Si/P (a) and Sn/P (D).
Computed at the same consistent P--C forming bond distance of 2.7 A. Electronic charge flows
from red to blue.
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Interestingly, we found that the main pairwise orbital interaction (AE(p1)) is
present even at the very early stages of the reaction. At variance, the second orbital
interaction (AE(p:)) becomes relevant only in the TS region (Figure 9.7).
Consequently, we propose that the synergistic action (derived from orbital
interactions) of the LA and the LB in the considered transformations do not occur
simultaneously, as proposed by Pépai,® but asynchronously along the reaction

coordinate, which agrees with previous results reported by our research group.’

0 —_
o— o U .\1\1\1\.
-5 o o) Oy h
-
o)
E .10-
© .
O e Si/P + PhNCO
~ o Sn/P + PhNCO . \AE(e)
w Q
<l .15 4 :
-20 +
T T T T T T T I
3.4 3.2 3.0 2.8 2.6

r(P--C)IA
Figure 9.7. Evolution of the NOCV components for the PhNCO activation reactions mediated by

FLP Si/P (solid lines) and Sn/P (dotted lines) along the reaction coordinate projected onto the
forming P---C bond distance.

9.3. Aromaticity can enhance the reactivity of P-donor/borole

frustrated Lewis pairs.!!

Aimed at designing more active systems for the activation of small molecules,
we merged the concepts of aromaticity and FLPs. Specifically, we explored the
reactivity of geminal FLPs containing a borole fragment as acid functionality,

whose 4m-antiaromaticity was previously demonstrated.””? We envisioned that the

11 J. J. Cabrera-Trujillo, 1. Ferndndez, Chem. Commun., 2019, 55, 675-678
12 H. Braunschweig, I. Ferndndez, G. Frenking, T. Kupfer, Angew. Chem. Int. Ed., 2008, /7, 1951-
1954.
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loss of antiaromaticity in the borole fragment during the activation reaction should
result in a more favorable transformation, not only from a thermodynamic but also
from a kinetic point of view. To check this hypothesis, we computationally
compared different activation reactions involving the parent geminal FLP 9.1,
described by Lammertsma and co-workers,* and 9.2, the analogous system having
a borole in its structure. For comparison, we also included the FLP counterpart

9.3, having a 2n-aromatic borirene as acidic moiety (Figure 9.8).

A) B) C)
R R Ph
tBUZP\/ BPh2 - R N
BusP_ B~y BusP BN
R
9.1 R = Ph (9.2a), C4F5 (9.2b) 9.3
Lammertsma 2012 4r-antiaromatic boroles 2n-aromatic borirene

Figure 9.8. Geminal FLPs considered in this study.

Our calculations indicate that, regardless of the activation reaction (Hs, COs,
CS,, HC=CH, SiHs, and even CHy), the processes mediated by FLPs 9.2a and 9.2b,
containing a borole fragment, are both kinetically and thermodynamically favored
over the analogous processes involving the parent FLP 9.1 and the aromatic 9.3,
which is in line with our initial expectations. We therefore predict that FLPs
containing a 4m-antiaromatic borole fragment constitute really promising
candidates to carry out facile small-molecule activation reactions, not only involving

H, or CO; but also more challenging systems such as CH..

The detailed analyses of the change of the aromaticity in the borole moiety
along the reaction coordinate by means of the nucleus-independent chemical shift
(NICS) values and the anisotropy of the induced current density (ACID) method,
clearly confirm that a loss of antiaromaticity in the borole fragment occurs during
the progress of the activation reaction. Thus, the ACID method confirms the
paratropic nature of the induced current in the borole fragment in 9.2a (Figure
9.9). In contrast, only a weakly paratropic current was found in the corresponding
transition state 9.TS-2a, associated with the heterolytic Hs cleavage. This trend
was further confirmed in the final adduct, where the attachment of the hydride to
the boron atom provokes the interruption of the electronic circulation within the

boron-heterocycle. These findings are supported by the computed NICS values,
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which range from highly positive in 9.2a (24.9 ppm) to nearly zero (1.3 ppm) in
the final adduct (Figure 9.9).

\

9.2a (strongly antiaromatic) 9.TS-2a (weakly antiaromatic)
NICS(1),, = 24.9 ppm NICS(1),, = 7.5 ppm
y o .

9.adduct-2a (non-aromatic)
NICS(1),, = 1.3 ppm

Figure 9.9. Computed ACID plots for the key points of the H, activation reaction mediated by
FLP 9.2a (isosurface value of 0.04).

These results therefore confirm that the reactivity of FLPs and
(anti)aromaticity are related. Indeed, very good linear correlations (R* > 0.98) were
found when plotting the NICS values versus the computed energy values (AE) along
the entire reaction coordinate (from the initial reactant complex to the
corresponding transition state) for the H, activation reaction involving the FLP
9.2a (Figure 9.10). The main take-home message derived from this study is that
the loss of antiaromaticity (or gain in aromaticity) can be used to significantly
enhance the reactivity of FLPs. To the best of our knowledge, this is the first report

merging the concepts of FLPs and aromaticity.

- 207 -



Understanding the reactivity of Frustrated Lewis Pairs
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Figure 9.10. Plot of the NICS values vs the energy along the reaction coordinate (from the

corresponding reactant complex to the TS) for the Hs activation reaction mediated by FLP 9.2a.

9.4. Carbones and heavier ylidones (EL:) in frustrated Lewis pair

chemistry: Influence of the nature of EL. on dihydrogen activation.!?

Carbon(0) species, also known as carbones, are unconventional species
containing a carbon atom that retains its four valence electrons as two lone pairs.!
Therefore, these species can be potentially used as a basic fragment in FLPs. Indeed,
Alcarazo and co-workers confirmed that combinations of B(C¢Fs)s and
carbodiphosphoranes (a family of carbones where the central carbon atom is flanked
by two phosphines) do behave as highly active FLPs."® Despite that, very little was
known about the influence of the carbone on the reactivity of these intermolecular
FLPs. For this reason, we carried out a comparative study on the reactivity of

FLPs composed of BCF and not only carbodiphosphoranes but also their heavier

3 J. J. Cabrera-Trujillo, I. Ferndndez, Inorg. Chem. 2019, 58, 7828-7836.

"(a) R. Tonner, F. Oxler, B. Neumiiller, W. Petz, G. Frenking, Angew. Chem., Int. Ed., 2006, /5,
8038-8042; (b) R. Tonner, G. Frenking, Angew. Chem., Int. Ed., 2007, 46, 8695-8698; (c) R. Tonner,
G. Frenking, Chem. Eur. J., 2008, 1/, 3260-3272; (d) R. Tonner, G. Frenking, Chem. Eur. J.,
2008, 1/, 3273-3289.

15 Alcarazo, M.; Gomez, C.; Holle, S.; Goddard, R. Angew. Chem., Int. Ed., 2010, 49, 5788—5791.
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analogues, known as ylidones,!® to understand the impact of the nature of the LB.
In addition, we also included carbodicarbenes in our study, a family of ylidones
where the central Group 14(0) element is flanked by two N-heterocyclic carbenes
(see Scheme 9.3).

L] L] @

‘E° H2 L\ @
/ \ + B(CGF5)3 B ———— E—H + HB(CGF5)3
L L L//

9.4a-e,L =PMej3, E=Cto Pb
Me

N
9.5a-e,L=[ D:,E=CtoPb
N

Me
Me
N
9.6a-e, L=©: >Z ,E=CtoPb
N
Me

Scheme 9.3. H, activation reaction mediated by FLPs composed by carbones/ylidones and BCF.

By comparing the H, activation reaction mediated by the parent
intermolecular FLP tBusP/B(C¢Fs)s and the analogous transformation involving
carbone C(PMes), (9.4a), it becomes evident that the process involving the latter
base is thermodynamically favored (also kinetically, albeit to a much lesser extent)
over the process involving tBusP (computed reaction energy difference of > 30
kcal/mol). This is consistent with the reported low temperature (-78 °C to room
temperature) reported experimentally,”® and reflects the high proton affinity of

carbones.©

According to the EDA method, the process involving Hy and [9.4a--B(CeF5)s]
benefits from a much more stabilizing orbital and electrostatic interactions between
the deformed reactants along the entire reaction coordinate as compared to the
parent process involving tBusP. Despite that, the Pauli repulsion computed for this
system is clearly more destabilizing and as consequence, the overall interaction
energy between the deformed reactants 1is relatively similar along the

transformation (Figure 9.11).

' For a recent review, see: G. Frenking, R. Tonner, S. Klein, N. Takagi, T. Shimizu, A. Krapp, K.
K. Pandey, P. Parameswaran, Chem. Soc. Rev., 2014, 43, 5106-5139.
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Figure 9.11. Comparative energy decomposition analysis of the H. activation reactions mediated
by 9.4a (solid lines) and tBusP (dashed lines) in the presence of B(C¢Fs)s along the reaction
coordinate projected onto the forming B--H bond length.

The NOCYV method has been particularly helpful to understand the differences
in the cooperative action of the FLP antagonists when replacing the parent tBusP
phosphine by the carbone C(PMes),. Figure 9.12 shows snapshots of the main
pairwise orbital interactions at three key points along the reaction coordinate,
namely, the reactant complex (RC), the transition state (T'S), and a midpoint
between them. As expected, the main orbital interaction is identified as the electron
density transfer from the lone pair of the phosphine (or the carbone) to the
antibonding o* molecular orbital of the H> coupled to the electron transfer from
the o molecular orbital of the H, to the vacant p orbital at the boron in the BCF.
Whereas in the process involving the phosphine, the LP(P)—oc™*(H,) orbital
interaction takes place only in the TS region, the analogous LP(C)—oc™*(H,) orbital
interaction in the process involving the carbone 9.4a is present even at the initial
stages of the transformation. As a consequence, the associated deformation energy
(AE(p1)) is comparatively higher in the latter system, which is finally translated
into the stronger interaction energy along the reaction coordinate computed for the
process involving the 9.4a/BCF FLP. This finding therefore confirms the higher
o—donor ability of 9.4a as compared to tBusP.
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(a) BugP/B(CgFs)3 + Hy

T

reactant complex midpoint TS
r(B-H)=2.64A r(B+-H)=220A r(B-H)y =177 A
AEqp(p1) =—2.6 kcal/mol AEorb(p1) = -5.6 kcal/mol AEorb(p1) =—-29.9 kcal/mol

(b) (MegP),C/B(CgFs)3 + Hy

reactant complex midpoint TS
r(B--H) =274 A r(B--H)=2.40A r(B--H)=1.98 A
AEqn(p1) ==3.2 kcal/mol AEom(p1) =—11.1 kecal/mol AEorb(p1) = —25.6 kcal/mol

Figure 9.12. Contour plots of NOCV deformation densities Ap and associated energies AE(p) (in
kcal/mol) for the main orbital interactions between H: and (a) [tBusP-~B(C¢Fs)s] and (b)
[9.4a---B(CsF5)s]. Electronic charge flows from red to blue.

Regarding the reactivity trends observed when comparing the different
ylidones shown in Scheme 9.3, we found that the activation energies steadily
decrease when going down the Group 14 (C > Si > Ge > Sn > Pb) regardless of
the ligand L attached to the central Group 14(0) element. This trend originates,
according to the ASM-EDA(NOCV) method, mainly from stronger orbital
interactions between the deformed reactants (mainly the key o(H:)—p.(B) and
LP(E)—>oc*(H,) interaction) in the heavier systems as compared to carbones. On
the other hand, our calculations also show that when the central atom is carbon,
the activation free energy AG* decreases in the order 9.4a (18.7 kcal mol™) > 9.6a
(16.6 kcal mol™) > 9.5a (15.5 kcal mol!). This reactivity trend is again fully
consistent with the previously reported proton affinities for 9.5a (294.3 kcal mol!),
9.6a (284.7 kcal mol™), and 9.4a (278.4 kcal mol!)."% Therefore, our results
indicate that the replacement of phosphine ligands by NHCs ligands facilitates the

H; activation mediated by FLPs composed of carbones.
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The analysis of the optimized geometries of the T'Ss for the processes involving
ylidones 9.4a-e, 9.5a-e, and 9.6a-e indicates that earlier T'Ss are associated with
lower activation energies, therefore satisfying the Hammond-Leffer postulate.?
Indeed, very good linear relationships were found when plotting the H--H
bond-breaking distance in the respective TSs versus both the activation and the
reaction energies (Figure 9.13). These findings suggest that this geometrical
parameter can be used as a reliable quantitative measure of the energetics involved

in the H, activation reactions mediated by ylidone-based FLPs.

20 4 (R=096) e
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Figure 9.13. Plot of the computed activation barriers (AG#, black circles) and reaction energies

(AGh, red circles) vs the breaking H-H distance in the corresponding TSs involved in the 9.4a-e +
B(CsF5); + H, reaction.

9.5. Understanding the role of frustrated Lewis pairs as ligands in

transition metal-catalyzed reactions.!”

This study was inspired by the increasing number of reports which confirm
the enhanced reactivity of transition metal complexes featuring an ambiphilic

ligand in their structures. As FLPs can act as ambiphilic ligands, and indeed

17 J. J. Cabrera-Trujillo, I. Ferndndez, Dalton Trans. 2020, 49, 3129-3137.
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different intramolecular systems have been already used in transition metal
chemistry,’® we decided to computationally explore the influence on the reactivity
of transition metal complexes having FLPs as ligands. To this end, we first studied
the so far poorly understood bonding situation of such complexes and then explored
their reactivity in comparison with related complexes lacking these ambiphilic
ligands. Thus, Au(I)-complexes featuring the FLPs 9.7-9.12 as ligands were
considered (Figure 9.14). FLPs 9.7-9.9 were selected because they have been
previously reported as ligands in transition metal chemistry.’* Geminal P/B FLP
9.10 was also included in our study because this particular system shows a
remarkable reactivity towards the activation of small molecules.? In addition, we
also considered FLPs 9.11 and 9.12 bearing a 4m-antiaromatic borole fragment

inspired by our study described previously.!

Fq FLP9.7 FLP9.8 FLP9.9
| ..~
A|u Me3Si H

X - P>:< CGFS

X =ClI, OTf tBUZP\/Bth Mes,P B \ Mes, B \

NN CsFs™\ CoFs
CeFs
FLP9.10 FLP9.11 FLP9.12

Figure 9.14. Ambiphilic FLP ligands considered in this study.

We first applied the EDA-NOCV method to quantitatively analyze the
interaction between the ambiphilic FLP ligand and the transition metal fragment
in FLP-AuX complexes (X = NTf,, Cl). We also assessed the bonding situation in
the parent PhsP—AuX complexes as a reference system lacking the B--Au
interaction. The EDA-NOCV method confirmed that the interaction energy
between the AuX fragment and the ligand is markedly stronger (i.e. more

stabilizing) in the complexes bearing FLP ligands as compared to those having the

% (a) S. Bontemps, G. Bouhadir, K. Miqueu, D. Bourissou, J. Am. Chem. Soc., 2006, 128, 12056-
12057; (b) A. Ueno, K. Watanabe, C. G. Daniliuc, G. Kehr, G. Erker, Chem. Commun., 2019, 55,
4367-4370.

- 213 -



Understanding the reactivity of Frustrated Lewis Pairs

parent PhsP. This effect is a consequence of an enhancement of all the attractive
EDA terms, namely, the electrostatic, orbital, and dispersion interactions. We
found that in all the considered L-AuX complexes, the major contribution to the
total interaction comes from the electrostatic term (A Fusa: ~58-65%), although the

orbital interactions are also quite significant (AEu, ~30%).

According to the NOCV method, the orbital term in the parent PhsP—AuNTHf,
system is dominated by three orbital interactions, namely the donation from the
P-lone pair to the AuNTf, fragment (i.e. o-type P — Au dative bond) and two
weak m-backdonations from the transition metal fragment to the PPhs ligand
(Figure 9.15a). However, in the FLP-AuNTf, systems, there exists an additional
orbital interaction that involves the donation of electron density from the transition
metal fragment to the vacant p, atomic orbital of the boron atom (denoted as AEs
in Figure 9.15b), which is much stronger than the corresponding n-backdonations.
As a consequence, the electron density at the transition metal center is significantly
reduced, thus enhancing its electrophilicity as compared to the parent
PhsP—AuNTHf; complex. Remarkably, we found that the ligands FLP9.9, FLP9.11
and FLP9.12 containing an antiaromatic, highly acidic borole moiety exhibit the
strongest Au--B interactions of all the considered complexes, which is reflected in

significantly short Au-B distances (ranging from 2.32 to 2.62 A).

We hypothesized that the Au-B interaction present in the considered
complexes, which results in an increased electrophilicity of the gold center, should
enhance the catalytic activity of these Au(I)-complexes. To check this, the
hydroarylation reaction of phenylacetylene with mesitylene mediated by the
corresponding active [Au(I)-L]* catalysts was investigated (Scheme 9.4). Our DFT
calculations confirmed that the rate-limiting initial nucleophilic addition reaction
involving the FLP ligands does, with the exception of FLP9.10, proceed faster
than the analogous reaction involving the parent PPhs ligand. Since the lower
barriers were found for the processes involving the borole-containing FLPs, it
becomes evident that there exists a direct correlation between the strength of the
Au-B interaction (which can be quantitatively estimated by means of the NOCV
method) and the activity of the Au(I)-catalysts.
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Figure 9.15. Plot of the deformation densities Ap of the pairwise orbital interactions between
AuNTf; and PPh; (a) or FLP 9.9 (b) ligands and associated stabilization energies AE(p). The code
of the charge flow is red—blue.

= Me\©/'\"e [AuL]* .
+
L =PPhg or FLP O Me

Me

Me
Scheme 9.4. Hydroarylation reaction of phenylacetylene with mesitylene catalyzed by Au(I)-
complexes considered in this study.

We applied the ASM method to quantitatively understand the reasons behind
the computed higher activity of catalysts featuring a FLP as a ligand. Figure 9.16
compares the ASDs of the hydroarylation reactions involving mesitylene and the
initially formed m-complexes [PhsP—Au-phenylacetylene]* or [FLP9.9-Au-
phenylacetylene|* (FLP9.9’ ligand is modified FLP9.9 where the isopropyl groups
were replaced by phenyl groups to enable a direct comparison with the parent PhsP
ligand). From the data in Figure 9.16, it is clear that the lower barrier computed
for the process involving FLP9.9’ exclusively derives from the stronger interaction
between the deformed reactants along the entire reaction coordinate. Therefore, it

can be concluded that the higher electrophilicity of the FLP-containing
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Au(I)-complex strongly polarizes the reactive [FLP—Au-phenylacetylene|* complex
facilitating the nucleophilic addition of mesitylene. This polarization is manifested
in the charge of the reactive carbon atom of the [L-Au-phenylacetylene]™ complex,
which becomes increasingly more positive from the parent PhsP-system to that
having the FLP9.12 ligand, as well as in the energy of the LUMO, which becomes
more a more stabilized with the increasing acceptor ability of the ligand (see Table
9.1).

L
20 o
—a— L =PPh, "
~0- L=FLP9.9’ A AE i
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Figure 9.16. Comparative activation strain diagrams for the hydroarylation reactions involving
mesitylene and the m-complexes [PhsP—Au—phenylacetylene]” (solid lines) or [FLP9.9-Au-
phenylacetylene|" (dashed lines) along the reaction coordinate projected onto the forming C--C
bond.
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Table 9.1. Main features (Au—C2 distance, natural charge at C2 and LUMO

energy) of the initial m-complexes [L—Au—phenylacetylene]" in kcal mol *.

+

T
Au
‘l \‘r
=—Ph
1 2
L r(Au-C2)/A q(C2) Erumo /eV r(Au-B)/A
PPh; 2.348 0.050 -3.66 -
FLP9.7 2.440 0.062 -3.80 3.079
FLP9.9’ 2.397 0.052 -3.73 2.818
FLP9.10 2.425 0.058 -3.51 3.457
FLP9.11 2.467 0.071 —4.07 2.430
FLP9.12 2.544 0.093 —4.59 2.371

Therefore, the catalytic activity of gold(I) complexes can be enhanced by
increasing the acceptor ability of the boron atom of the ambiphilic FLP ligand.
Highly acidic boron atoms are able to accept electron density from the transition
metal, which results in (i) a significant shortening of the Au--B distances and, more
importantly, (ii) in an increase of the electrophicility of the Au(I) center. As a
consequence, reactions involving m-catalysis, such as the considered hydroarylation
reaction, proceed faster than those reactions where the Au--B interaction is not
present. Once again, our calculations allowed us to predict that Au-complexes
bearing a FLP ligand containing a 4n-antiaromatic borole as acid partner constitute

promising candidates to achieve more efficient Au(I)-catalyzed reactions.

9.6. Understanding the C—F bond activation mediated by frustrated

Lewis pairs: Crucial role of non-covalent interactions.'?

Recently, Young and co-workers reported the selective activation of a single
C—F bond in di- and trifluoride substrates mediated by FLPs.* This reaction

proceeds under smooth reaction conditions, which is somewhat striking since C—F

19°J. J. Cabrera-Trujillo, I. Ferndndez, Chem. Eur. J., 2021, 27, 3823-3831.
2 (a) D. Mandal, R. Gupta, R. D. Young, J. Am. Chem. Soc., 2018, 10, 10682-10686; (b) Mandal,
R. Gupta, A. K. Jaiswal, R. D. Young, J. Am. Chem. Soc., 2020, 142, 2572-2578.
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bonds are the strongest single bonds between carbon and any other element across
the periodic table. In addition, monoselective C—F bond activation reactions in di-
and trifluoride substrates are really challenging because the resulting products are
typically more reactive than the reactants. To overcome this difficulty, the Young
group employed FLPs composed of neutral bases to form cationic products, which
are less prone to a subsequent Lewis acid activation. Moreover, these cationic
intermediates can be further functionalized by nucleophilic substitutions with a
wide range of nucleophiles, therefore leading to valuable organofluoride compounds
through a smooth procedure. Nevertheless, the cooperative action of the FLP
antagonists in this synthetically useful reaction is essentially unknown. For this
reason, we computationally explored the experimentally described C—F activation
reaction involving p-Me-trifluoromethylbenzene (9.13a) mediated by the
BCF/TPPY pair (TPPY=triphenylpyridine), which affords the experimentally
isolated pyridinium salt 9.14a (Scheme 9.5)."

e
F F FB(CeF
F B(C4Fs)s/base F | FB(CeFs)|
F > base
Ph
Me Me
_ N
9.13a base = N 9.14a
Ph” 7 “ph

Scheme 9.5. Monoselective C—F bond activation reaction mediated by FLPs explored in this

study.

Two different reaction pathways were considered, namely (i) the non-
cooperative pathway, where the Lewis acid solely activates the C—F bond and then
the resulting cationic intermediate reacts with the Lewis base (i.e., Sxl-type
mechanism) or (ii) the cooperative path, where the C—F activation is mediated by
the synergistic action of both the LA and the LB (i.e., FLP mechanism). Our
calculations (Figure 9.17) clearly indicate that the cooperative mechanism is
favored along the entire reaction coordinate. Strikingly, this favored pathway
proceeds through a hypervalent intermediate (9.INT-13a in Figure 9.17), whose
geometry strongly resembles that of systems having pentacoordinate carbon atoms

previously reported by Yamamoto, Akiba, and co-workers.?!

2l (a) M. Yamashita, Y. Yamamoto, K.-Y. Akiba, D. Hashizume, F. Twasaki, N. Takagi, S. Nagase,
J. Am. Chem. Soc., 2005, 127, 4354-4371; (b) K.-Y. Akiba, Y. Moriyama, M. Mizozoe, H. Inohara,
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Figure 9.17. Computed reaction profile for the BCF-mediated (black lines) and BCF/TPPY-
mediated (blue lines) C—F activation reaction involving the trifluoromethyl system 9.13a. Relative
energies and bond lengths are given in kcal mol ! and A, respectively.

The ASM approach suggests that the FLP pathway (cooperative) not only
exhibits a lower strain energy but also a more stabilizing interaction energy between
the deformed reactants along the entire reaction coordinate. This stronger
interaction does not derive from more stabilizing orbital interactions, which are
actually rather similar to those in the non-cooperative pathway (Figure 9.18), but
from stronger electrostatic attractions and particularly, from much more stabilizing

dispersion interactions.

T. Nisghii, Y. Yamamoto, M. Minoura, D. Hashizume, F. Iwasaki, N. Takagi, K. Ishimura, S. Nagase,
J. Am. Chem. Soc., 2005, 127, 5893-5901.
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Figure 9.18. Comparative energy decomposition analyses for the non-cooperative (solid lines) and
cooperative (dashed lines) C—F activation reactions involving 9.13a along the reaction coordinate
projected onto the forming B--F bond length.

We applied the NCIPLOT method® to identify the non-covalent interactions
responsible for the more stabilizing AFEyg, term computed for the cooperative
pathway. As depicted in Figure 9.19 for 9.TS1-13a, there exist two significant
non-covalent interactions between the TPPY base and substrate 9.13a, namely,
(i) -1 stacking between the aryl fragment of 9.13a and a phenyl group of TPPY
and (ii) two additional C—F--7 interactions involving the non-reactive fluorine
atoms of 9.13a and a different phenyl group of the base. The crucial role of these
non-covalent interactions, which are also present in intermediate 9.INT-13a, is
further supported by comparing the analogous processes involving lutidine or NTf,~
as bases, where these non-covalent interactions are not possible. Our results
confirmed that these reactions become both kinetically and thermodynamically less
favored than the reaction involving TPPY. This is in line with the experimentally
reported lower conversions observed when the reactions are promoted by FLPs

composed of lutidine or pyridine instead of TPPY as the base partner.”’

2 E. R. Johnson, S. Keinan, P. Mori-Sanchez, J. Contreras-Garcia, A. J. Cohen, W. Yang, J. Am.
Chem. Soc., 2010, 132, 6498-6506.
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NCI
stabilizing non-covalent interactions

Figure 9.19. Contour plots of the reduced density gradient isosurfaces (density cutoff of 0.03 a.u.)
for 9. TS1-13a. The green surfaces indicate attractive non-covalent interactions.

The NOCV extension of the EDA method was applied to gain more
quantitative insight into the cooperative action of the FLP antagonists in the C-F
activation. Figure 9.20 shows that the main orbital interaction in the FLP
mechanism is exclusively dominated by the o(C—F)—p,(B) interaction with no
measurable contribution of the Lewis base. This is exactly the same orbital
interaction occurring in the absence of the Lewis base, and therefore it is not
surprising that both processes exhibit nearly identical orbital interactions (see
above). Once the transition state 9.TS1-13a is reached, the Lewis base further
approaches the electron-deficient carbon atom of the substrate and the
LP(N)->p.(C) two-electron donation reinforces the o(C—F)—p.(B) interaction
(Figure 9.20). Therefore, our calculations indicate these key molecular orbital
interactions do not occur in a concerted manner but at rather different stages of
the transformation, which ultimately leads to the formation of a hypervalent
intermediate featuring a 3-center 4-electron pentacoordinate carbon atom.
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9.TS1-13a 9.INT-13a

Figure 9.20. Plot of the deformation densities Ap of the pairwise orbital interactions occurring in
9.TS1-13a (left) and 9.INT-13a (right). The color code of the charge flow is red—blue (isovalue
of 0.0015 au).

According to the energy profile depicted above (Figure 9.17), the hypervalent
intermediate 9.IN'T-13a is highly reactive and for this reason, it could not be
detected experimentally. However, we hypothesized that a further stabilization of
the incipient positive charge of the trigonal carbon atom in 9.INT-13a would
increase the chances of isolating/detecting such species. To this end, we computed
the analogous transformations where the methyl group placed in the para position
of 9.13a was replaced by good m—donor substituents (NMe; and OMe). Our
calculations showed that both substituents not only stabilize the transition state
associated with the C—F bond cleavage and the hypervalent intermediate, but also
increase the barrier of the subsequent intramolecular Sx2 reaction. Therefore, we
predict that systems having strong m-donor substituents in their structures
constitute really promising candidates to, at least, detect under controlled
experimental conditions these rare (and still elusive) hypervalent systems featuring
a pentacoordinate carbon atom.

Therefore, our DFT calculations have been really helpful to unravel the
hitherto unknown genuine features of the C—F activation reaction mediated by
FLPs, namely (i) non-concerted cooperation between the FLP partners, (ii) the
intermediacy of a hypervalent intermediate with a pentacoordinate carbon atom,

and (iii) the critical role of non-covalent interactions in the transformation.
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In a nutshell, we can conclude that the state-of-the-art computational
methods used in this Thesis have been particularly useful to understand, in a
quantitative manner, a part of the reactivity of FLPs. The insight gained in the
different chapters was key towards the rational design of more active systems. We
hope that the contents of this work will be useful not only to computational
chemists interested in reactivity and bonding analysis but also to experimental

chemists working on FLPs and main group chemistry.
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“The reward of the young scientist is the emotional thrill of being the
first person in the history of the world to see something or to

understand something. Nothing can compare with that experience.”

Cecilia Payne-Gaposchkin






X. Conclusions

In this Ph.D. thesis, the main physical factors controlling the reactivity of
selected FLPs have been computationally explored by means of state-of-the-art
quantum chemical calculations. From the results obtained in this work, the

following main conclusions can be drawn:

1. The activation barrier of the Hs, activation reaction mediated by
MesE—CH,—E’Ph, geminal FLPs steadily increases when going down in the Group
15 (E = N<P<As<Sb) regardless of the nature of the acidic E’ (Group 13 element)
atom. This reactivity trend derives from the much lower strain energy associated
with the FLP having the lighter E atom, and not to the relative basicity. In
contrast, the influence of the nature of the acidic atom (E’) is opposite (i.e. the
activation barrier decreases when going down in the Group 13), with the remarkable
exception of E’ = Al, which exhibits the lowest activation barrier of each series.
This trend is ascribed not only to the required distortion energy but also to the
stronger interaction between the deformed reactants for the processes involving the
heavier E” atom. The particularly high reactivity of Al-based FLPs finds its origin
in a rather low Pauli repulsion together with highly stabilizing LP(E)—oc™(H:) and
o(H,)—px(Al) orbital interactions. Consequently, the geminal N/Al-based FLP is
identified as the most active system for the H, activation reaction. In addition, the
activation barrier can be further reduced by replacing the phenyl groups attached
to the acidic atom by strong electron-withdrawing groups such as CgFs; or
3,5—(CF3).CeHs.

2. The CO, and phenyl isocyanate activation reactions mediated by
(F5C2)sE—CH,—P(#Bu)> geminal FLPs (E = Si, Ge, Sn) becomes kinetically more
favorable when going down in the Group 14 (AE* = Si > Ge > Sn). This reactivity
trend mainly derives from the stronger interaction between the deformed reactants
along the entire reaction coordinate computed for the processes involving the
heavier systems. In addition, these reactions also benefit from a lower strain energy
to deform the reactants. The more stabilizing interaction energy computed for the
process involving the Sn-based FLP, as compared to that involving its lighter
counterpart Si-FLP, is the result of the combination of more stabilizing electrostatic
and orbital (mainly the LP(P)—n*(C=0) interaction) attractions between the

deformed reactants, particularly at the transition state region.
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3. The role of aromaticity as a key factor enhancing the reactivity of
geminal FLPs has been confirmed. It is predicted that geminal FLPs having a 47-
antiaromatic borole fragment as the Lewis acid partner constitute really promising
candidates to achieve facile small molecule activations. These species exhibit a
remarkable reactivity enhancement compared to more traditional FLPs as a
consequence of the loss of antiaromaticity (or gain in aromaticity) in the borole

moiety as the small-molecule activation reaction progresses.

4. Carbon(0)-species, also known as carbones, can efficiently act as
Lewis basic partners in FLPs. However, the corresponding systems exhibit
significant differences in their mode of action when compared with more traditional
FLPs having phosphines as bases. In this regard, the H. activation reaction
mediated by C(0)-carbodiphosphorane/BCF-based FLPs proceed with a stronger
interaction between the deformed reactants as a consequence of more stabilizing
electrostatic and orbital interactions along the entire reaction coordinate. The
stronger orbital interactions computed for the process involving carbones-based
FLPs originates from their highly o-donor ability. This, at variance with
phosphines, provokes that the key LP(carbone)—oc*(H—H) orbital interaction is
present along the entire process reinforcing the o(H—H)—p.(B) interaction.
Furthermore, carbones having NHCs in their structures (also known as
carbodicarbenes) are more reactive than carbodiphosphoranes. Remarkably, the
activation barrier of the heterolytic cleavage of H, steadily decreases by moving
down in the Group 14 (i.e. from carbones to heavier ylidones), as a consequence of
a less destabilizing Pauli repulsion and more stabilizing orbital interactions. Our
calculations therefore predict that heavier ylidones are really promising candidates

to achieve facile Hs activation reactions.

5. P/B FLPs as ambiphilic ligands in Au(I)-complexes are able to
establish relatively strong Au---B interactions, whose strength is directly related to
the acidity of the boron moiety. This interaction results from the donation of
electron density from the transition metal atom to the vacant p, atomic orbital of
the boron atom, therefore enhancing the electrophilicity of the gold moiety as
compared to the Ph;P—AuX system. This effect enhances the reactivity of
Au(I)-complexes in m-catalysis. For instance, in the particular gold(I)-catalyzed
hydroarylation reaction considered in our study, the Au---B interaction makes the

corresponding m-complex, initially formed upon coordination of the triple bond of
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phenylacetylene to the active [Au-FLP]" catalyst, much more prone to undergo the
key nucleophilic addition reaction, which is ultimately reflected in a faster reaction
as compared to the analogous process involving the parent [Au-PPhs|* catalyst. In
line with our previous results (see above), catalysts having FLPs with a borole
fragment as an acidic partner exhibit markedly strong Au---B interactions, which

should result in a significant enhacement of their catalytic activity.

6. The activation of a single C—F bond in di- and trifluoromethyl groups
mediated by FLPs exhibits a peculiar cooperative action between the FLP partners,
which is markedly different from related FLP-mediated activation reactions. The
process proceeds stepwise where the C—F activation occurs first followed by a Sx2-
like reaction involving the base. Therefore, only once the C—F bond is significantly
activated by the Lewis acid, the LP(base)— p.(C) orbital interaction takes place.
Despite that, the Lewis base is not a mere spectator during the initial bond
activation but also significantly contributes to the stabilization of the entire
reaction coordinate by establishing non-covalent interactions (mm and
C—F-m interactions) with the substrate. As a result, the transformation involves
the formation of a highly unusual hypervalent intermediate featuring a 3-center 4-
electron pentacoordinate carbon atom, which might be isolated/detected through
the stabilization of the positive charge on the pentacoordinate carbon by (i) m-
donor substituents in the aryl group of the substrate and/or (ii) reducing the

number of fluorine atoms attached to the reactive carbon atom.
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“Research is formalized curiosity. It is

poking and prying with a purpose.”

Zora Neale Hurston






XI. Summary

Understanding the reactivity of Frustrated Lewis Pairs

Frustrated Lewis Pairs (FLPs) have become highly versatile systems to carry
out a wide range of different chemical transformations. Some outstanding examples
include the activation of small molecules such as Hs, CO, CO,, SO, NyO, etc.,
transfer hydrogenations, hydroborations, hydroarylations, aminations, and even
polymerization reactions. Despite that, in most cases the physical factors governing
the reactivity of these species are poorly understood, which considerably hampers

the rational design of new and more efficient FLPs.

The primary aim of this doctoral thesis is the rationalization of the reactivity
of FLPs using state-of-the-art quantum-mechanical calculations. To this end, we
have applied a methodology based on the combination of the so-called Activation
Strain Model (ASM) of reactivity and the Energy Decomposition Analysis (EDA)
methods. This approach is nowadays considered as a powerful tool to not only
quantitatively understand those factors controlling the reactivity of different

chemical systems but also to design new and more efficient transformations.

Specifically, we explored the influence of the nature of the acid/base pairs in
geminal (Me;E—CH,—E’Ph,) FLPs on the dihydrogen activation reaction. Two
reactivity trends have been identified, namely (i) the activation barrier steadily
increases when going down in the Group 15 (E = N < P < As < Sb) regardless of
the nature of the acidic E’ atom and (ii) the activation barrier decreases when going
down in the Group 13, with the remarkable exception of E’ = Al, which exhibits
the lowest activation barrier of each series. Consequently, the geminal N/Al-based
FLP has been identified as the most active system for the activation of H.. In
addition, we have confirmed that the activation barriers can be further reduced by
replacing the phenyl groups attached to the acidic atom by highly electron-
withdrawing groups such as C¢F; or 3,5—(CF3),CeHs.

Closely related to the above study, we have also explored the influence of the
nature of the Group 14 atoms (E = Si, Ge, Sn) on the reactivity of geminal
(F:Cs)sE—CH,—P(tBu), FLPs. In this case, we selected the experimentally
described activation reactions of CO, and phenyl isocyanate. It is found that the
reactivity of these species becomes kinetically more favorable when going down in
the Group 14 (Si < Ge < Sn). According to the ASM/EDA methodology, this
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reactivity trend mainly derives from the stronger interaction between the reactants

computed for the processes involving the heavier systems.

Aiming at designing highly active FLPs, we have merged the concepts of FLP
and aromaticity for the first time. We found that geminal FLPs featuring a
4m-antiaromatic borole fragment as the acid partner exhibit a remarkable reactivity
enhancement compared to more traditional FLPs. This can be ascribed to the
progressive loss of antiaromaticity (gain of aromaticity) in the borole moiety as the
small-molecule activation reaction progresses. Our study therefore establishes a
pioneering concept in FLP chemistry: the role of aromaticity as a key factor
enhancing the reactivity, which might be useful to guide future experimental

developments.

Besides intramolecular FLPs, we have also explored the reactivity of
intermolecular systems. Namely, we studied the role of carbon(0)-species (CLs, L =
phosphines or carbenes) and its heavier analogues known as “ylidones” (ElL,, E =
Si, Ge, Sn, Pb) as basic functionalities in FLP chemistry. We have found that the
H, activation reaction mediated by a carbodiphosphorane/B(C¢F3)s FLP proceeds
with a stronger interaction between the deformed reactants compared to more
traditional intermolecular FLPs composed of phosphines. This is mainly ascribed
to the stronger orbital interactions between the reagents as a consequence of the
higher o-donor ability of carbones compared to phosphines. In addition, our
calculations predict that heavier Group 14 ylidones are even more active than

carbones to promote the heterolytic splitting of Ho.

The role of FLPs as ambiphilic ligands in gold(I)-catalyzed reactions has been
also considered in this work. The EDA method revealed that P/B-based FLP
ligands in gold(I)-complexes establish a relatively strong Au--B interaction, which
is directly related to the acidity of the boron fragment. As a consequence, the
electron density at the gold atom is significantly reduced, thus enhancing its
electrophilicity compared to the more traditional gold(I)-complexes featuring a
PhsP ligand. The impact of such electrophilicity enhancement on the catalytic
activity of gold(I)-complexes has been further evaluated by modeling a
representative m—catalysis reaction, namely, the hydroarylation reaction of

phenylacetylene with mesitylene. In line with our previous results, catalysts having
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FLPs with a borole fragment as the acidic partner exhibit markedly strong Au---B

interactions, which is translated in an enhanced catalytic activity.

Finally, we computationally studied the so far poorly understood cooperative
action of the FLP antagonists in the activation of a single C—F bond activation in
polyfluoride substrates. Our calculations revealed the occurrence of crucial
non-covalent interactions established between the Lewis base and the substrate
which leads to the formation of an unusual hypervalent intermediate featuring a 3-
center 4-electron pentacoordinate carbon atom. Although this is a fleeting
intermediate, we predict that its isolation/detection might be feasible when using
substrates having electron-donor groups in their structures or a lower number of

fluorine atoms attached to the reactive carbon atom.

We do believe that the insight derived from the present doctoral thesis has
contributed significantly to our current understanding of the reactivity of FLPs. In
our opinion, the results presented herein are expected to promote further theoretical
and experimental studies in the growing and prosperous chemistry of these

fascinating systems.
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“Dila  -dijo don Quijote- y sé breve en tus

razonamientos, que ninguno hay gustoso si es largo.”

Miguel de Cervantes






XII. Resumen

Entendiendo la reactividad de Pares de Lewis Frustrados

Los pares de Lewis frustrados (FLPs, de sus siglas en inglés) se han convertido
en sistemas muy versatiles para llevar a cabo una amplia gama de transformaciones
quimicas. Entre ellas, podemos destacar la activacion de pequenas moléculas como
H,, CO, CO, SO, NO, etc., reacciones de hidrogenacién, hidroboracion,
hidroarilacién, aminacion, e incluso reacciones de polimerizacion. A pesar de ello,
en la mayoria de los casos los factores fisicos que gobiernan la reactividad de estas
especies no se conocen en detalle, lo que dificulta considerablemente el diseno

racional de nuevos y mas eficientes FLPs.

El objetivo principal de esta tesis doctoral es la racionalizacion de la
reactividad de los FLPs utilizando célculos computacionales. Para ello, hemos
aplicado una metodologia basada en la combinacién de los métodos denominados
Activation Strain Model (ASM) of reactivity y Energy Decomposition Analysis
(EDA). Dicha aproximacién se considera hoy en dia una herramienta muy 1til no
solo para comprender cuantitativamente los factores que controlan la reactividad
de diferentes sistemas quimicos, sino también para el diseno de transformaciones

nuevas y mas eficientes.

De manera maés especifica, hemos explorado la influencia de la naturaleza de
los pares acido/base en FLPs geminales (Me;E—CH,—E’Phy) en la reaccién de
activacion de dihidrogeno. Se han identificado dos tendencias de reactividad, a
saber: (i) la barrera de activaciéon aumenta al descender en el Grupo 15 (E = N <
P < As < Sb) independientemente de la naturaleza del dtomo acido E’ y (ii) la
barrera de activacion disminuye al descender en el Grupo 13, con la notable
excepcion de E’ = Al, que exhibe la barrera de activacién méas baja de cada serie.
En consecuencia, hemos identificado al FLP geminal formado por N/Al como el
sistema mas activo para la activacion de H.. Ademas, las barreras de activacion se
pueden reducir atin mas si los grupos fenilo unidos al &tomo acido son reemplazados

por grupos altamente aceptores de electrones como CgF; 6 3,5—(CF3)2CoHs.

Estrechamente relacionado con el estudio anterior, también hemos explorado
la influencia de la naturaleza de los dtomos del Grupo 14 (E = Si, Ge, Sn) en la
reactividad de los FLPs geminales (F5C,)sE—CH,—P(tBu),. En este caso, se

seleccionaron las reacciones de activacion de COs e isocianato de fenilo, descritas
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experimentalmente. Se ha descubierto que la reactividad de estas especies se vuelve
cinéticamente méas favorable al descender en el Grupo 14 (Si < Ge < Sn). Segin la
metodologia ASM/EDA| esta tendencia de reactividad deriva principalmente de
una mayor interaccion entre los reactivos a lo largo de toda la coordenada de

reaccion para los procesos que involucran los sistemas méas pesados.

Con el objetivo de disenar FLPs altamente activos, hemos fusionado por
primera vez los conceptos de FLP y aromaticidad. Asi, hemos encontrado que
aquellos FLPs geminales que presentan un fragmento de borol 4m-antiaromatico
como acido de Lewis exhiben una mayor reactividad que FLPs méas tradicionales.
Esto se debe principalmente a la pérdida progresiva de antiaromaticidad (o
ganancia de aromaticidad) en el borol a medida que avanza la reaccién de
activacién. Por tanto, nuestro estudio confirma el papel de la aromaticidad como
factor clave para mejorar la reactividad, lo que podria ser de gran utilidad para

futuros estudios experimentales.

Ademas de los FLPs intramoleculares, también hemos explorado la
reactividad de sistemas intermoleculares. Concretamente, hemos estudiado el papel
de especies de carbono(0) (CLs, L = fosfinas o carbenos) y sus andlogos més pesados
(EL,, E = Si, Ge, Sn, Pb) como funcionalidades bésicas en la quimica de FLPs.
Hemos descubierto que la reacciéon de activacion de H, mediada por el sistema
carbodifosforano/B(CsF'5)s ocurre con una mayor interacciéon entre los reactivos que
otros FLPs intermoleculares mas tradicionales compuestos por fosfinas. Esto se debe
principalmente a unas interacciones orbitales entre los reactivos mas estabilizantes
como consecuencia de la mayor capacidad de donacién 6 de C(0)L: en comparacién
con las fosfinas. Ademas, nuestros calculos predicen que los correspondientes
sistemas con atomos del Grupo 14 mas pesados que el carbono son incluso mas

activos que aquellos basados en CL, para promover la ruptura heterolitica de Ha.

En este trabajo también se ha considerado el papel de los FLPs como ligandos
ambifilicos en reacciones catalizadas por Au(I). El método EDA revel6 que en
aquellos complejos con ligandos FLP basados en P/B, se establece una interaccion
Au--B relativamente fuerte, que esta directamente relacionada con la acidez del
fragmento de boro. Como resultado, la densidad electrénica en el atomo de oro se

reduce significativamente, aumentando asi su electrofilia en comparaciéon con
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complejos de Au(I) mas tradicionales que contienen un ligando PhsP.
Adicionalmente, se ha evaluado el impacto de dicho aumento de la electrofilia en
la actividad catalitica de dichos complejos en la reaccion de hidroarilacion de
fenilacetileno con mesitileno. En consonancia con nuestros resultados anteriores,
aquellos catalizadores con FLPs que tienen un fragmento borol como acido de Lewis
exhiben una interacciéon Au---B considerablemente fuerte, lo que se traduce en una

elevada actividad catalitica.

Por ltimo, hemos estudiado computacionalmente la accion cooperativa de las
funcionalidades acido/base en la activacion selectiva de un tnico enlace C—F en
sustratos polifluorados mediada por FLPs. Nuestros calculos revelaron la presencia
de interacciones no covalentes entre la base de Lewis y el sustrato que conducen a
la formacion de un intermedio hipervalente que contiene un atomo de carbono
pentacoordinado. Aunque este intermedio es altamente reactivo, predecimos que su
aislamiento/deteccion podria ser factible si se utilizan sustratos con grupos dadores
de electrones en sus estructuras o con un niimero menor de atomos de fliior unidos

al atomo de carbono reactivo.

Creemos firmemente que los resultados derivados de la presente tesis doctoral
han contribuido significativamente a la comprension actual de la reactividad de los
FLPs. En nuestra opinion, es muy probable que dichos resultados motiven nuevos
estudios tanto tedricos como experimentales sobre la rica y creciente reactividad de

estos fascinantes sistemas.
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/Abstract: The influence of the nature of the acid/base pairs
on the reactivity of geminal frustrated Lewis pairs (FLPs)
(Me,E-CH,-E'Ph,) has been computationally explored within
the density functional theory framework. To this end, the di-
hydrogen-activation reaction, one of the most representative
processes in the chemistry of FLPs, has been selected. It is
found that the activation barrier of this transformation as
well as the geometry of the corresponding transition states
strongly depend on the nature of the E/E' atoms (E=
Group 15 element, E'=Group 13 element) in the sense that

-

lower barriers are associated with earlier transition states.
Our calculations identify the geminal N/Al FLP as the most
active system for the activation of dihydrogen. Moreover,
the barrier height can be further reduced by replacing the
phenyl group attached to the acidic atom by CiFs or 3,5-
(CF3),CeH; (Fxyl) groups. The physical factors controlling the
computed reactivity trends are quantitatively described in
detail by means of the activation strain model of reactivity
combined with the energy decomposition analysis method.

/

Introduction

The chemistry of frustrated Lewis pairs (FLPs) has arguably ex-
perienced a tremendous development since the seminal report
by Stephan and co-workers in 2006." These species are charac-
terized by having coordinatively unsaturated Lewis acidic and
basic atoms in either single molecules or bimolecular systems
where steric hindrance hampers the formation of a classical
donor-acceptor dative bond between them. Owing to this pe-
culiar bonding situation, FLPs exhibit a unique reactivity, which
allows, among other processes, the activation of different spe-
cies (e.g., H,, CO, CO,, N,O, etc.) in stoichiometric and catalytic
reactions.”

Among the different FLPs described so far, geminal FLPs,
that is, systems where the Lewis acidic and basic atoms are
separated by a carbon atom, should be especially highlighted
(Scheme 1). Indeed, geminal P/AI®! and P/B™* Lewis pairs have
attracted considerable interest quite recently due to their re-
markable activity in the activation of small molecules. In addi-
tion, other geminal FLPs based on N/B, N/ALY' P/X® (X=
Group 14 element), and even P/Ga® have been prepared in
order to tune the Lewis acidity/basicity of the FLP antagonists
and consequently, to modify the activity of the system. Despite
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that, the influence of the nature of the Lewis pairs on the reac-
tivity of the FLP is so far not fully understood, which is of cru-
cial importance for further development of FLPs.

To gain a deeper, quantitative insight into the relationship
between the nature of the active sites of geminal FLPs and
their reactivity, we explore herein the dihydrogen activation,
one of the most important and representative reactions in FLP
chemistry,?' mediated by geminal Me,E-CH,-E’Ph, (E=
Group 15 element, E'=Group 13 element) FLPs (Scheme 2). In
these systems, which are strongly related to the tBu,P-CH.-
BPh, FLP experimentally described by Lammertsma and co-
workers,®® both the acidic and basic atoms will be modified to
identify the E/E’ combination leading to the most active gemi-
nal FLP (i.e., which exhibits the lowest activation barrier for the
considered dihydrogen activation).

The computed reactivity trends will be analyzed in detail by
means of the activation strain model (ASM)"" of reactivity in
combination with the energy decomposition analysis (EDA)
method."? This methodology has been particularly helpful
very recently to understand the factors controlling both the H,
activation and the subsequent dihydrogen release into multi-
ple bonds mediated by geminal B/N FLPs."*™ Indeed, by
means of this state-of-the-art approach we have proposed an
orbital-controlled mechanism, complementary to the tradition-
al mechanisms suggested by Papai etal” and Grimme
et al."® where the degree of charge-transfer cooperativity be-
tween the key donor-acceptor orbital interactions, that is,
LP(N)—0'(H,) and o(H,)—p,(B), along the reaction coordinate
constitutes a suitable indicator of the reaction barrier.” In ad-
dition, a cooperative concerted, yet asynchronous, double hy-
drogen transfer mechanism was also found for the subsequent
hydrogenation of multiple bonds."

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-0186-9774
http://orcid.org/0000-0002-0186-9774
https://doi.org/10.1002/chem.201804198
https://pubmed.ncbi.nlm.nih.gov/30256467/




Downloaded viaUNIV COMPLUTENSE DE MADRID on February 4, 2020 at 15:10:55 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

@& Cite This: J. Phys. Chem. A 2019, 123, 10095-10101

pubs.acs.org/JPCA

Understanding the Reactivity of Neutral Geminal Group 14 Element/
Phosphorus Frustrated Lewis Pairs

Published as part of The Journal of Physical Chemistry virtual special issue “Paul Geerlings Festschrift’.

Jorge Juan Cabrera-Trujillo and Israel Fernandez*

Departamento de Quimica Organica I and Centro de Innovacion en Quimica Avanzada (ORFEO—CINQA), Facultad de Ciencias
Quimicas, Universidad Complutense de Madrid, 28040-Madrid, Spain

O Supporting Information

ABSTRACT: The influence of the nature of the group 14
elements (E = Si, Ge, Sn) on the reactivity of (F;C,);E—
CH,—P(tBu), geminal frustrated Lewis pairs (FLPs) has been
computationally explored by means of density functional
theory calculations. To this end, the experimentally described
activation reactions of CO, and phenyl isocyanate have been
investigated and compared to the analogous processes
involving the corresponding B/P geminal FLP. It is found

+

COzo0 Y
(FsCo)gE-CHo—P(BU), 22" (Cst)sEb P(fBu),
PhNCO \
E = Si, Ge, Sn
- reactivity +

that the reactivity of these species is kinetically enhanced when going down the group 14 (Si < Ge < Sn). This trend of reactivity
is quantitatively analyzed in detail by means of the activation strain model of reactivity in combination with the energy
decomposition analysis method, which identify the interaction energy between the deformed reactants as the main factor
controlling the reactivity of these group 14 containing geminal FLPs.

B INTRODUCTION

Since the seminal report by Stephan and co-workers in 2006 of
a metal-free molecule that was able to reversibly activate
dihydrogen,' the chemistry of the so-called frustrated Lewis
pairs (FLPs) has experienced an impressive development.”™’
These species are typically composed of a simple combination
of a sterically encumbered Lewis acid and Lewis base, where
the severe steric demands hamper the formation of a classical
donor—acceptor bond. This particular bonding situation leads
to a unique reactivity which allows the relatively facile
activation of small molecules (such as H,, CO, CO,, N,O,
SO,, ..) or the metal-free hydrogenation of polar multiple
bonds, among other processes.”

Aiming at enhancing the activity of these systems, a good
number of different FLPs have been prepared. Among them,
geminal FLPs, ie., systems where the donor/acceptor atoms
are separated by a carbon atom, should be especially
highlighted because their preorganized molecular structure
results in a significant enhancement of the reactivity as
compared to their corresponding intermolecular FLP counter-
parts.”~'* Although most of these geminal FLPs are typically
based on the combination of B/N and B/P pairs, other systems
including heavier group 13 elements'>"°
fragments'’~*" in their structures have been prepared to tune
the Lewis acidity/basicity of the FLP antagonists. In this sense,
Mitzel and co-workers have recently prepared a series of group
14 element containing neutral geminal FLPs, ie., (FsC,);E—
CH,—P(tBu),, E = Si,”” Ge,”® Sn,** which have been proven to
readily activate small molecules such as CO,, SO,, CS,, HC],

or transition metal

-4 ACS Publications  © 2019 American Chemical Society

or phenyl isocyanate (Scheme 1), therefore resembling the
reactivity of more traditional B/P FLPs.

Scheme 1. Reactivity of Group 14 Element Containing
Geminal FLPs Described by Mitzel and Co-workers™>™**

.
<02F5>35A7(t8u)2
Cl

;

o
(C2F5)3E/\P([Bu)2 PhNCO | (F5C2)3E-CHo—P(tBu),
\ -~
o

At
CO; (CoFs)lE P(tBu),

. (0]
NPh E = Si, Ge, Sn o

S0,

N
(Cst)sf\ /P(fBU)z
o-8,

[¢]

Despite this evident similarity, very little is known about the
actual influence of the nature of the group 14 element on the
reactivity of these novel geminal FLPs. For this reason, herein
we decided to computationally explore the reactivity of these
species to gain detailed quantitative insight into the impact of
the nature of the group 14 element on the reactivity. To this
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Geminal frustrated Lewis pairs (FLPs) having a borole fragment as
the Lewis acid partner constitute really promising candidates to
achieve facile small molecule activation reactions. The predicted
enhanced reactivity of these species, as compared to more traditional
FLPs, finds its origin in the loss of the antiaromatic character of the
borole moiety along the reaction coordinate.

Frustrated Lewis pairs (FLPs) are species typically composed of
a pair of a sterically encumbered Lewis acid and Lewis base,
which prevents the formation of a classical donor-acceptor
bond between both centers." Due to this particular bonding
situation, these compounds exhibit a unique reactivity as a
result of the cooperative action of the FLP antagonists. Thus,
FLPs have emerged as potential metal-free catalysts able to,
among other processes, activate small molecules (H,, CO, CO,,
S0,, N,O, etc.)." Owing to this rich reactivity, in most cases
restricted to transition metals, the chemistry of FLPs has
attracted much attention since the seminal report by Stephan
and co-workers in 2006.”

Much progress has been made, particularly in recent years,
to produce more active systems. Among them, intramolecular
FLPs (where the Lewis pairs are part of the same molecule)® and
systems having transition-metal fragments in their structures®
should be specially highlighted. Despite that, the vast majority
of FLPs are still based on the combination of B/N or B/P pairs,
with the boron center typically attached to electron-withdrawing
substituents. Aiming at developing more active FLPs, herein we
shall introduce a novel concept in FLP chemistry: aromaticity as
the key factor enhancing the reactivity of FLPs.

To this end, we focused on a particular FLP, the geminal
‘Bu,P-CH,-BPh, (1) system, synthesized by Slootweg, Lammertsma
and co-workers,” whose preorganized structure results in a

Departamento de Quimica Orgdnica I and Centro de Innovacion en Quimica
Avanzada (ORFEO-CINQA), Facultad de Ciencias Quimicas, Universidad
Complutense de Madrid, 28040-Madrid, Spain. E-mail: Israel@quim.ucm.es

i Electronic supplementary information (ESI) available: Computational details,
Fig. S1 and S2, and Cartesian coordinates for all species discussed in the text. See
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remarkable reactivity for small molecule activations without
the need for strongly electron-withdrawing substituents attached
to the boron center. We computationally® replaced the BPh,
moiety by the sterically hindered tetraphenyl-borole fragment
(2a, Scheme 1), whose antiaromatic nature was confirmed pre-
viously by Braunschweig, some of us and co-workers.” Our initial
hypothesis follows: the gain of aromaticity in the borole moiety
during the activation of a small molecule (H,, CO,, CS,,
HC=CH, SiH, and CH, in our calculations, Scheme 1) should
result in a gain of stability in both the corresponding transition
state, therefore leading to a lower barrier transformation, and in
the final zwitterionic adduct, therefore making the process
thermodynamically more favourable.

In agreement with previous results involving the dihydrogen
activation mediated by the parent FLP 1° and related geminal
systems,® our calculations confirm that the heterolytic Hy-splitting
occurs in a concerted manner vig a five-membered transition state
(TS-1) and through the formation of an initial van der Waals
reactant complex (RC-1) which lies ca. 2 kcal mol™" above the
separate reactants (this energy difference becomes higher when
including thermal free energy corrections, see Fig. 1). Although
the computed reaction profile for the process involving the
4m-electrons borole-containing FLP 2a is rather similar, the
dihydrogen activation becomes both kinetically and thermo-
dynamically (AAE” = 5.5 kecal mol™ " and AAEg = 12.5 kecal mol ™%,
respect to the separated reactants) more favoured than the

H,, CO, CS, A
IBUQP\/B % HCCH, CH4, SiH, _— [BUZP\/B

B= BPh2 adduct

CeFs
Cst Ph
B= 23 Bi( (3)
Cer
CeFs Ph

Scheme 1 FLP-mediated small molecule activation reactions considered
herein.
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ABSTRACT: The role of carbones (CL,; L = phosphines vs carbenes) as G

Lewis bases in dihydrogen (H,) activation reactions in the presence of the C |-
Lewis acid B(C4Fs); has been computationally explored by means of density =
functional theory calculations. To this end, the interaction between H, and the Si
[carbone:-B(C4F);] pair along the reaction coordinate has been e i
quantitatively analyzed in detail and compared to the parent [‘BuyP-- yd E\ +  B(CeFs)ls —> | Ge
B(C¢Fs);] frustrated Lewis pair. In addition, the influence on the reactivity of L L

both the nature of the central E atom and the surrounding ligands in ylidones 5Osn
(EL,) has also been considered. It is found that the activation barrier of the H,
activation reaction as well as the geometry of the corresponding transition “Pb +"

states strongly depends on the nature of both E and L in the sense that lower
barriers are systematically associated with earlier transition states. Our
calculations identify heavier EL, as the most active systems to achieve facile H, activation reactions.

B INTRODUCTION

The term “carbone” was coined by Frenking and co-workers to
refer to a family of divalent carbon(0) compounds CL, whose
central carbon atom retains all four valence electrons as two Ph,SiH, PhR

lone pairs and where bonding to the adjacent o-donor ligands T SiHPhy

Scheme 1. Activation Reactions Mediated by
Hexaphenylcarbodiphosphorane and B(CF;); Described by
Alcarazo and Co-workers®

toluene /~78 °C to RT PhsP HB(C4Fs)s
(L) occurs mainly through donor—acceptor interactions (i.e., L
— C° < L)."” Since the report by Ramirez and co-workers in o Hp PhsR

. . N +  B(CeFg)s — H
1961 on the first and most representative member of this PheP PPhs toluene /~78°Cto AT Phsp  HB(C,Fe)s
family of compounds, the parent hexaphenylcarbodiphosphor- .
ane [C(PPh;),],” a good number of carbon(0) species have nCsHq F PhsR o
been prepared and fully characterized.* In addition, this family toluene / —78 °C PhyP SF[:(C -
6' 5/3

of compounds has also been expanded to systems having
heavier group 14 elements in their structures [also known as
ylidones (EL,)].**® Because of their peculiar bonding
situation, these species not only are potential donor ligands

process compared to analogous transformations involving
either intermolecular or intramolecular P/B FLP systems.'’

in main-group compounds or transition-metal complexes but
also exhibit a rich and varied reactivity.”*”® For instance,
carbodicarbenes [carbones where L = carbene or N-
heterocyclic carbene (NHC)] have attracted considerable
attention because of their captodative behavior in catalysis.”
In this regard, Alcarazo and co-workers recently found that
the parent carbone, C(PPh;),, can be used as a carbon-based
Lewis base in combination with the Lewis acid B(C4Fs); to
form a highly active frustrated Lewis pair (FLP) able to
activate not only H—H bonds but also C—O, C—H, Si—H, and
C—F bonds (Scheme 1).* This behavior therefore strongly
resembles that found for typical FLPs based mainly on P-based
Lewis bases [for instance, ‘BusP/B(C4F;); or Mes;P/
B(C¢Fs);].” Despite this evident similarity, very little is
known about the actual role of carbone in the bond activation

-4 ACS Publications  © 2019 American Chemical Society

Recently, we combined state-of-the-art computational
methods known as the activation strain model (ASM) of
reactivity'' and energy decomposition analysis (EDA)'* to
gain more quantitative insight into the factors controlling the
dihydrogen (H,) activation reactions promoted by strongly
related intramolecular geminal FLPs."> This approach allowed
us to propose an orbital-controlled mechanism, complemen-
tary to the widely accepted mechanisms suggested independ-
ently by Papai and co-workers'* and Grimme and co-
workers,"” where the degree of cooperativity between the
key donor—acceptor orbital interactions, i.e., LP(Lewis base)
— ¢%(H,) and o(H,) — p,(Lewis acid), along the reaction
coordinate that can be used as an indicator of the reaction
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The role of frustrated Lewis pairs (FLPs) as ligands in gold() catalyzed-reactions has been computationally
investigated by using state-of-the-art density functional theory calculations. To this end, the nature of (P,
B)-FLP-transition metal interactions in different gold()-complexes has been first explored in detail with
the help of the energy decomposition analysis method, which allowed us to accurately quantify the so far
poorly understood Au---B interactions present in these species. The impact of such interactions on the
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catalytic activity of gold(i)-complexes has been then evaluated by performing the Au(i)-catalyzed hydroar-
ylation reaction of phenylacetylene with mesitylene. With the help of the activation strain model of reac-
tivity, the factors governing the higher activity of Au(l)-complexes having a FLP as a ligand as compared to

rsc.li/dalton that of the parent PPhsz system have also been quantitatively identified.
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Introduction

Since the seminal work by Stephan and co-workers in 2006 on
reversible dihydrogen activation mediated by a system having a
Lewis acid and a Lewis base in its structure,’ the so-called fru-
strated Lewis pairs (FLPs) have emerged as powerful species to
activate small molecules under metal-free conditions in both
stoichiometric and catalytic reactions.” These species are typi-
cally composed of a pair of sterically encumbered Lewis acidic
and Lewis basic centers, in either single molecules or bimole-
cular systems, which severely hampers the formation of a clas-
sical donor-acceptor bond between them. This peculiar
bonding situation is responsible for the unique and rich reac-
tivity of these compounds, which in many instances was tra-
ditionally restricted to transition metals.*

FLPs have also been used as ambiphilic ligands in tran-
sition metal chemistry.> Interestingly, the presence of a Lewis
acid moiety nearby transition metals can significantly influ-
ence their reactivity. For instance, Bourissou and co-workers
reported that, in comparison with PPh; as a ligand, FLP A
improved the efficiency of the Pd-catalyzed Suzuki-Miyaura
coupling of p-bromoanisole with PhB(OH), (Scheme 1a).
Similarly, Liu and co-workers used related FLP B in the Pd-
catalyzed hydroboration of enynes (Scheme 1b).® As compared
to the analogous process involving o-naphthalenyl phosphine,

Departamento de Quimica Orgdnica I and Centro de Innovacion en Quimica
Avanzada (ORFEO-CINQA), Facultad de Ciencias Quimicas, Universidad
Complutense de Madrid, 28040 Madrid, Spain. E-mail: israel@quim.ucm.es
tElectronic supplementary information (ESI) available: Table S1 and Fig. S1,
Cartesian coordinates (in A) and total energies of all the stationary points dis-
cussed in the text. See DOI: 10.1039/C9DT04806E

This journal is © The Royal Society of Chemistry 2020

FLP B not only improves the activity of the catalyst but also
provides a markedly different selectivity as a ¢rans-hydrobora-
tion product is almost exclusively formed. In contrast, a 1,4-
hydroboration reaction product is formed in the analogous
reaction involving a phosphine lacking the Lewis acidic
fragment.

Related intramolecular FLPs have also been used as ligands
in gold(i)-catalyzed transformations such as, among others,
the intramolecular cyclization reactions of propargylamides’
or, quite recently, the intra- and intermolecular hydroamina-
tion reactions of alkynes (Scheme 1c).® Based on X-ray diffrac-
tion studies, it is assumed that the interaction between the
strong Lewis acid moiety and the transition metal in either the
FLPAuX (X = Cl, NTf) complex or the active catalytic species
FLP(Au)" significantly enhances the electrophilic properties of
the catalyst, which ultimately results in an enhancement of its
catalytic activity. Despite that, very little is known about the

@ [Pd] cat. / A

Me04< >—Br + PhB(OH) — &
K3PO,, 100 °C

) Me

MeOOPh

Ph,P  BMes,
(81-87%) A

[Pdy(dba)s] cat. / B BCat

T = Ph,P B—@
(84%) B&

N\
Me

+ HBCat

74

Me
© Ccat. /©/ MegSi H
MeONHZ * A= — N >_<7
CH,Cl,, 40 °C Py MeszR B(CsFs):
R ,'
Au\
(55-95%) c NTh,

Scheme 1 Representative examples of transition metal-catalyzed reac-
tions using FLPs as ligands.
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Understanding the C—F Bond Activation Mediated by Frustrated
Lewis Pairs: Crucial Role of Non-covalent Interactions

Jorge Juan Cabrera-Trujillo and Israel Ferndandez*®

/Abstract: The activation of a single C—F bond in di- and tri-
fluoromethyl groups by frustrated Lewis pairs (FLPs) has
been computationally explored by means of Density Func-
tional Theory calculations. It is found that in this activation
reaction the FLP partners exhibit a peculiar cooperative
action, which is markedly different from related FLP-mediat-
ed processes, and where non-covalent interactions estab-
lished between the Lewis base and the substrate play a deci-
sive role. In addition, the process proceeds through the in-

termediacy of a hypervalent species featuring a pentacoordi-
nate carbon atom, which is rare in the chemistry of FLPs.
The physical factors controlling this process as well as the
bonding situation of these hypervalent intermediates have
been quantitatively analyzed in detail by using state-of-the-
art computational methods to not only rationalize the mech-
anism of the transformation but also to guide experimental-
ists towards the realization of these so far elusive hyperva-
lent systems.
/

Introduction

The discovery in 2006 by Stephan and co-workers that combi-
nations of sterically encumbered Lewis acids and bases can ac-
tivate dihydrogen™ constituted the starting point of the so-
called Frustrated Lewis Pairs (FLPs) chemistry. Owing to the co-
operative action of the FLP antagonists, where the formation
of a donor-acceptor bond between them is precluded, these
species exhibit a unique and rich reactivity, which in most
cases is restricted to transition-metal complexes.*® Since the
seminal work by Stephan, impressive progress in this field has
been made. As a result, a good number of highly active FLPs
have been developed including, among others, intramolecular
species™ or systems having transition-metal fragments in their
structures.” In addition, the number of applications of FLPs
has broadened significantly, particularly in recent vyears.
Indeed, FLPs have been not only successfully applied to acti-
vate different small molecules (H,, CO, CO,, N,O, SO,, etc.) but
also have been used in asymmetric syntheses® and polymeri-
zation reactions.”’ More recently, the concept of FLPs has been
even applied towards the development of heterogeneous cata-
lysts and new materials,™ which clearly illustrates the current
growing interest in this area of main group chemistry.

[a] J. J. Cabrera-Trujillo, Prof. Dr. I. Ferndndez
Departamento de Quimica Orgdnica | and
Centro de Innovacion en Quimica Avanzada (ORFEO-CINQA)
Facultad de Ciencias Quimicas
Universidad Complutense de Madrid
28040 Madrid (Spain)
E-mail: Israel@quim.ucm.es
L Supporting information and the ORCID identification numbers for the
@® authors of this article can be found under:
https://doi.org/10.1002/chem.202004733.

In this regard, FLPs were recently applied by Young and co-
workers to activate a single C—F bond in di- and trifluorometh-
yl groups (Scheme 1)@ The use of FLPs in this reaction
constitutes an elegant solution to the longstanding problem
of multiple C—F functionalizations typically observed in Lewis
acid-catalyzed reactions, which derives from the lower reactivi-
ty of the polyfluoride starting materials with respect to their
substituted products."® In contrast, the resulting phosphonium
or pyridinium salts formed in this novel FLP-mediated process
are “deactivated” intermediates that can be further functional-
ized by nucleophilic substitutions or electrophilic transfer reac-
tions, therefore leading to a wide variety of products with po-
tential applications in medicinal chemistry or materials sci-
ence. M

Despite the evident synthetic potential of this transforma-
tion, which can be even performed catalytically in the Lewis
acid by the addition of TMSNTf, as a fluoride sequestering
agent,"®'¥ very little is known about the actual role of the FLP
in the process. For this reason, we decided to gain a detailed
understanding of the unknown cooperative action of the FLP
partners in the transformation. The physical factors controlling
this novel and synthetically useful FLP-mediated C—F activation
reaction will be quantitatively analyzed by the combination of

. @ I -
F o .
F B(CeFs)a MF{HJ — = 3
= FiH 7" Cbase| T — . rif MNu
g H ——— |r4+ | - . R=
T base ~ #
[B(CgFs) F]@ mong-functionalization
Fh &F el producls
base = PAr; N
|
Ph” P

Scheme 1. Mono-selective functionalization of C—F bonds in di- and trifluor-
omethyl groups described by Young and co-workers (see refs. [9]-[11]).
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