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Introduction

The recently introduced concept of frustrated Levés (FLP) [1] has become a fundamen-
tal strategy to develop main-group-element-baséalysas. An FLP is composed of a sterical-
ly overcrowded Lewis acid (LA) and a Lewis base )ltBat are unable to form a dative com-
plex because of steric hindrance. As a resultgalfireactive and cooperative Lewis acid-
base pairs evolve that can promote various unpested reactions, among which the hetero-
lytic activation of hydrogen excels. This remarlabapacity has been exploited in metal-free
hydrogenation in which onium (phosphonium, ammonieta.) borohydrides are generated
to reduce multiple bonds [2, 3, 4] such as of imjnenamines, carbonyls, silyl ethers and
a,3—enones.

The diverse reactivity of FLPs has often rendetesint incompatible with many common
functionalities and solvents, therefore the sucadsthe FLP hydrogenation hinges on the
selection of Lewis acidic and basic components. [§vtiie identity of the basic component
can influence certain catalytic behavior, the prynehallenge is to select the right Lewis
acidic component for FLP hydrogenation. Therefonethods to analyze and quantify the
impact of steric and electronic properties of Leatgls on their reactivity are needed to make
a rational and informed decision upon FLP catadlgstelopment. Along this line, the goal of
the present study is to fine-tune the electronapprties of boron-based Lewis acids and iden-
tify trends across them that could accelerate i €atalyst development for imine hydro-



genation. Therefore, a series of boranes with dieséerical setting has been synthesized and
their electronic properties were systematicallyedand evaluated by various methods.

Previous efforts in our group have focused on thetbpment of designer FLPs to increase
further the practicality of FLP hydrogenation. Usia deliberate structural design on boron-
based Lewis-acids, the size-exclusion design, wadcsecure orthogonal FLP reactivity in
hydrogenation, improve the functional group toleeand even render FLP hydrogenation of
carbonyls moisture tolerant [5]. Given the succes$&LPs with size-exclusion design we
were interested to fine-tune the electronic propsrf this type of catalysts for a given target
of interest, for an imine reduction. Therefore tagries of boranes having a general,BX
structure have been targeted, where Y refers @rgring having minimum two chlorines or
methyl groups in ortho positions and X refers t® #nyl-rings with minimum two ortho fluo-
rine substituents. Accordingly, the steric congestaround the boron atom is a default and
practically the same as chlorine atom and methgligrare isosteric. Additionally, variation
of substituents in themetaandpara positions of X or Y aryl rings allows to gauge ihgact
of the electronic effect on Lewis acidity and reaty.

The first series of triaryl-boranes has a mes#yld two fluorophenyl-rings and twelve dif-
ferent boranes were envisionégchieme 1 [6, 7]. The mesityl-rings were chlorinated in the
metapositions gradually (the non-chlorinated mesitgtidatives designated 4s monochlo-
rinated2, dichlorinated3), and the fluorinated rings were changed systealati from 2,6-
difluorophenyl &, F2) to 2,3,6-trifluorophenyl( F3), 2,3,5,6-tetrafluorophenyle,(F4) and
perfluorinated-ringsd, F5). A second series of triaryl-boranes was tdsgeted 4a-c, 5b-c,
Scheme )1 These boranes have a chlorinated phenyl grang16-dichlorophenyl-ring was
designated a4, 2,3,6-trichlorophenyl-ring &) and F2-F4 fluorinated fluorophenyl-rings~(

c). It is important to note, that some of this baramriant have been successfully used for

reduction of carbonyls [5].
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Scheme 1In the labelling, numbers refer to the chlorinatiegjs (L: mesityl-,2: 3-chloromesityl-3: 3,5-
dichloromesityl-4: 2,6-dichlorophenyl-5: 2,3,6-trichloroophenyl-ring) and the letters laofinated ringsg:
2,6-difluorophenyl,b: 2,3,6-trifluorophenylc: 2,3,5,6-tetrafluorophenyld: perfluorinated-ring). (two column

wide)

Results and discussion

The synthesis of mesityl-boranes was performetneet steps and based on the protocol we
have previously developed and reported [6, 7]. €negate a BXY type of borane library,
potassium mesityltrifluoroborate salt¥afc) were selected as synthetic intermediates
(Scheme 2 Thus, bromomesityl-compound8alc) were treated witm-butyllithium or acti-
vated magnesium, and then reacted with trimethglieorThe reaction was quenched with
hydrochloric acid, and the resulted boronic acid waated with KHE It is worth noting that
these mesityl-fluoroborate&-c are easily available by this method in larger esc&inally,
Grignard reagent (fluorophenyl-magnesiumbromftied) was prepared from the appropriate
1-bromofluorobenzenesB&-d, for details, see Sl). Next, two equivalent ofstheGrignard
reagent 9a-d) was added dropwise to a suspension of one eguitvaf corresponding mesit-
yl-BF3K salts {a-0) in ether type solvent at 0°C. After work-up, thesired boranes &-3d)
could be isolated in serviceable 31-86% yields h#ensolids in 5-10 g scale. THhe and**F
NMR data clearly indicated that the aryl rings wrdnes can rotate freely; the signals were

sharp and well separated at room temperature.
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Scheme 2Preparation of mesitylboranes (for 6a, 7&R=H; for 6b, 7b: BR=Cl, R=H; for 6c, 7c:
R'=R’*=Cl) (1.5 column wide)

Evaluation of Lewis acidity

After having these borands-5in hand, we embarked on the evaluation of the anp&
electronic properties on their acidity. However liken Brgnsted acidity, the quantitative
measurement of Lewis acidity is more complicatechlise the Lewis acidity is situation de-
pendent (e.qg. it is affected by the steric demdral lcewis base) [8, 9, 10]. Nevertheless, sev-
eral methods have been developed to evaluate awkdLewis acidsMethods include Gut-
mann’s acceptor numbers (AN) [11, 12], Drago, Maiksd Wayland’s equations [13, 14],
Childs-Marks scale [15], and Christe and co-workditioride affinities [16], and Evanseck’s
method [17]. Alternatively, the calculated hydria#inities are also considered as a reasona-
ble measure for the acidic strength, especiallynvbewis acid catalysts are developed for
FLP mediated hydrogenation [18, 19, 20].

First, the Lewis acidity of borands5 was examined computationally. Density functional
theory was applied to compute hydride affinitieAjHlefined as the Gibbs free energy of
hydride detachment from LA-hydride complex aniofke calculations were carried out us-
ing the B3LYP-D3 functional, and implicit solventoatels with different polarity (toluene,
chloroform, dichloromethane) were tested to esentia¢ solvent effect [21].

The computed gas-phase HAs of the examined boameedepicted ifrigure 1 as a func-
tion of the number of F atoms in the X aryl ringie obtained results reveal a systematic
trend as expected from the electronic nature ofRh€l and CH aryl substituents. For in-
stance, the HA increases gradually with the nunabdtuorines. The effect is clearly more
enhanced for H/F substitutions at thetapositions as compared to tipara-substitution.
Boranes with chlorinated phenyl substituents shangdr HAs, than the corresponding mesit-

yl analogues. The reduced acidity of mesityl-bosaiserelated to electron donation from the



methyl groups. In both phenyl- and mesityl-boram#€;| substitution increases HA by a few
kcal/mol.
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Figure 1. Gasphase HAs d&(CgsF4H5.),Y boranes (x: number of fluorine atoms on the twoient phenyl
rings). (one column wide)

Solvent effects are found to have a notable infteeon the relative hydride affinities as il-
lustrated inFigure 2. Although the acidity trend with respect to thentmer of F substituents
remains very similar, the electronic effect of Gbstitution is not strictly apparent. This could
be partially associated with the fact that the delaffinity values vary in a narrower energy
range as the polarity of solvent increases {Sgare 3). In addition, polar solvents such as
dichloromethane tend to reduce the stability ofitgeborohydrides as compared to the phe-
nyl analogues, so these two series of boranes @ltesgparated in the diagram showrig-

ure 2.
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Figure 2. HA-s of B(C¢F¢H5s.4).Y boranes in DCM solvent, where x is the numbetwdrfnes on the two equiv-
alent phenyl rings. (one column wide)
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Figure 3. Relative hydride ion affinities for the B{EHs.).Mes series compared 1@ (B(CgF,Hs),Mes) in
gasphase and toluene, chloroform, dichloromethalveists.(one column wide)

For characterization of Lewis acid-5 the Gutmann-Beckett method was chosen, thus the
change in thé'P NMR chemical shiftA8) was measured between fregFE and that of the
Et;PO-Lewis acid adduct in CBl,. The As values of the prepared borarfess were ana-
lyzed with respect to B(§Fs)s, which is the archetypal Lewis acid of the FLProistry. The
chemical shift of the dative complex of3BO-B(GFs);s was considered as 100% on this

acidity scale and 0% was thevalue of the free BPO base.
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Figure 4. Relative Lewis acidity oB(CgF,Hs.,).Y boranesiia Gutmann-Beckett method, measured with
Et;PO in CQCl,, where x is the number of fluorines on the twoiegjent phenyl rings. (one column wide)

To explore the consequence of successive replacevhéydrogen with F or Cl, the rela-
tive Lewis acidities ofl-5 were measured in GBI, solvent using the Gutmann-Beckett
method Figure 4). Most importantly, unlike the computed hydridératy (Figure 2), a non-
linear trend has been established by the GutmarckeBemethod that can be rationalized by
the enhanced steric congestions around the bonaterceshen complexed with fO. For
mesityl-seriesl—3 the data indicates that the meta-chlorine swlestts on the mesityl ring
has only a minor impact on the Lewis acidity ineca$ F4- and F5-rings, similar to the trend
found in HA Figure 1 and 2, but has an affect in the case of F3-ring. ForiRg deriva-
tives, an anomaly was observed in the relative keaid strength; the most chlorinated com-
pound3a (Cl,MesF,) somehow appeared to be the weakest acid ididh8aseries. As the
Gutmann-Beckett method can only gauge the relaidities of complexed boranes, in case
of very weak dative complexes the obtained datehtriig less appropriate for comparisons.
Interestingly, the acidity values were almost taens for the chloromesityRb-d) and di-
chloromesityl 8b-d) rings. These data suggest that the electroninduaf the bulkier aro-
matic rings (Y vs X) has a lower impact on Lewigd#yg. As the sterically overcrowded aryl
rings (Y) are enforced to be perpendicular to tlaa pf threepso-C atoms, there is a lower
level of conjugation with the boron center, whialegumably results in the observed trend.
For the chlorophenyl serigls-5 the variation of relative Lewis acidity is provembe negli-
gible. Additionally, the hydride ion affinity prects that the chlorophenyl-serids-5 well
separate from the mesityl series3 however, in the Gutmann-Beckett method, the abti

Lewis acidity values of the mesityl and chloropheseries appear to be much closer.



The above study indicates that evegPEX can exert such a steric repulsion upon dative ad
duct formation with sterically overcrowded borardes, that the Lewis acid scale is signifi-
cantly perturbed. The contribution of this sterfieet upon dative bond formation (the facial-
strain) was then demonstrated by applying a mofteydiewis base, such as f#0O. When
this sterically hindered base was applied as ageée base for Gutmann-Beckett method,

significantly larger differences in relative acidg of the boranes could be observEdre
6).
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Figure 6. Lewis acidity ofB(CsF,Hs.,).Y boranessia Gutmann-Beckett method, measured witgFin

CD,Cl,, where x is the number of fluorines on the twoiealent phenyl rings. (one column wide)

Hydrogenation experiments

To compare the Lewis acidity and hydrogenation ciépaf boraned-5 all boranes were
evaluated in the same benchmark reaction. The ressttion was the reduction d4-
benzylidenetert-butylamine toN-benzyltert-butylamine, in benzene solvent, with DABCO,
as the LB $cheme 3)

\|/ 20 mol% borane \I/

Ny 20mol% DABCO HN
Ej benzene, Ej
10 bar H,, r.t.

Scheme 3The benchmark reaction for borane reactivity eatidun (one column wide)

Most importantly, all borane/DABCO pairs were effee catalysts for reduction dfl-
benzylidenetert-butylamine (Table 1). Data also indicates thatoctphenyl boraneg-5
have higher catalytic capacity compared to mebityhnesl—3 since conversions were com-



plete within 3 hours in presence4$5 This general trend correlates well with the chitad

hydride affinity scale in DCMKigure 2.), but shows deviation from trend determined kg th

Gutmann-Beckett methodrigure 4.).

Entry Conversion (%) in

Catalyst 4 5p 1h 2h 3h 4h 6h | 24h
1 - 0 0 0 0 0 0 0
2 1d 24 32 64 81 87 99 99
3 1c 36 43 68 91 99 99 99
4 1b 7 10 20 70 87 99 99
5 la 1 3 5 6 9 16 48
6 2d 20 35 48 80 99 99 99
7 2c 24 42 60 88 99 99 99
8 2b 9 15 26 40 80 99 99
9 2a 0 0 3 6 15 21 61
10 3d 5 12 23 33 43 65 99
11 3c 6 17 29 38 44 57 99
12 3b 2 8 11 17 27 50 99
13 3a 0 0 2 2 3 8 40
14 4c 53 68 99 99 99 - -
15 4b 37 56 75 94 99 - -
16 da 8 20 32 47 56 80 99
17 5c 32 48 65 99 99 - -
18 5b 22 33 57 90 99 - -

Tablel. Conversion of imine in FLP hydrogenation. (twowoh wide)

For comparison, catalytic conversions to aminer &thours were gathere#ligure 7). The

data indicates that F4-ring containihg 2¢, 3c boranes (entries 3, 7, 11) were more effective
catalysts for imine reduction than thd, 2d, 3d boranes with perfluorophenyl rings (entries
2, 6, 10). However, the Lewis acidity of these In@sawas almost identical in both Gutmann-
Beckett methods and HA calculations. This discregpazan be explained by the lower cata-
lyst stability of the F5 series, as they can deaosepgn an aromatic nucleophilic substitution

reaction [7].
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Figure 7. Conversions in 2 hours witB(CgF¢H5.,),Y boranes as catalysts, where x is the number ofifias

on the two equivalent phenyl rings (one column wide

In the case ola, 2a, 3aF2 series (entries 5, 9, 13) abbl, 2b, 3b F3 series (entries 4, 8,
12), the catalytic capacities were also in agreé¢matm the calculated hydride ion affinity
and Gutmann-Beckett method results. The Lewis fgcicdknds and the conversions were sim-
ilar in case of thda-d mesityl and2a-d chloromesityl-boranes (entries 2-5 vs 6-9). Inecafs
3a-d boranes with dichloromesityl rings, however, tloawersions were reduced (entries 10-
13), and no full conversion was achieved withinoéids. Similar behaviour can be seen in the
catalytic performance of the-5 chlorophenyl boranes, while the Lewis acidities eveather
similar according to both hydride ion affinity calations and Gutmann-Beckett measure-
ments, the reactivity dib,c boranes with trichlorinated rings were markedlyéo compared
to 4a—c boranes with dichlorinated rings (entries 14-161vsl8). This might be explained
that the hydride donation capacity of the strongawis acids is lower.

Conclusions:

Gradually substitutingneta andpara-hydrogen atoms to fluorines or chlorines, a sevfes
seventeen triaryl-boranes with a general,BXtructure was generated for FLP hydrogena-
tion and comprehensively characterized using coetbiexperimental and theoretical meth-
ods. As a consequence of structural design, thisssef boranes has a default sterical setting
around the boron center and their electronic pt@sewere systematically varied. As demon-
strated, the Gutmann-Beckett method has a limiggghaity to gauge the Lewis acidity of
these highly congested Lewis acids and correlae #.P hydrogenation utility. Neverthe-

less, this study reveals that the calculated hgdaidinity is a useful tool to quantify the elec-

10



tronic effects on Lewis acidity and predict the rogknation capacities of these boranes. As a
general trend, the hydrogen-fluorine replacemenmnéatapositions resulted in a significant
enhancement of Lewis acidities, however, the H&placements on the bulkier aromatic ring
have only negligible effects. These observationgakimportant properties affecting Lewis

acidity and FLP reactivity and can guide futureabadt developments.
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Highlights

Combined computational and experimental work to probe Lewis acidity of some
sterically highly congested boranes to be used in FLP hydrogenation.
Gutmann-Beckett method of estimating Lewis acidity has limited capacity for
these bulky boranes.

Calculated hydride affinity represents a more appropriate parameter for gauging
Lewis acidity and correlate their FLP hydrogenation utility.



