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Semihydrogenation of Alkynes Catalyzed by a Pyridone Borane
Complex: Frustrated Lewis Pair Reactivity and Boron–Ligand
Cooperation in Concert
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Abstract: The metal-free cis selective hydrogenation of al-
kynes catalyzed by a boroxypyridine is reported. A variety of

internal alkynes are hydrogenated at 80 8C under 5 bar H2

with good yields and stereoselectivity. Furthermore, the cat-
alyst described herein enables the first metal-free semihy-

drogenation of terminal alkynes. Mechanistic investigations,
substantiated by DFT computations, reveal that the mode of

action by which the boroxypyridine activates H2 is reminis-

cent of the reactivity of an intramolecular frustrated Lewis
pair. However, it is the change in the coordination mode of

the boroxypyridine upon H2 activation that allows the disso-

ciation of the formed pyridone borane complex and subse-
quent hydroboration of an alkyne. This change in the coordi-

nation mode upon bond activation is described by the term
boron-ligand cooperation.

Introduction

The seminal finding that specific combinations of sterically en-
cumbered Lewis bases and Lewis acids, named „frustrated

Lewis pairs“ (FLPs), can activate hydrogen, stimulated the de-
velopment of catalytic metal-free hydrogenations.[1] Early ex-
amples included the hydrogenation of (di)imines, nitriles, aziri-

dines, silyl enol ethers, and enamines, but the scope of FLP
catalyzed hydrogenations was extended to heterocycles, al-

kenes, allenes, and aromatic hydrocarbons.[2, 3] The heterolytic
hydrogen cleavage by the FLP yields a tetravalent borohydride
species. Therefore, hydrogenations by FLPs consist of a hydride
and a subsequent proton transfer step (or vice versa) and re-

quire activated alkenes.[3] A notable exception is the semihy-
drogenation of alkynes catalyzed by an intramolecular FLP that
was reported by Repo et al.[4] In that case, mechanistic investi-
gations showed that the protolysis of the FLP under the reac-
tion conditions yields an amine-hydroborane that initiates the

catalytic cycle by hydroboration of the alkyne.[5] A protodebor-
ylation of the alkenylborane yields then, in a highly stereose-

lective reaction, the cis-alkene.[6] We recently reported reversi-
ble H2 activation by the boroxypyridine 3.[7] A distinguishing
feature of this system is that the H2 activation is associated

with a transition of the covalently bound oxypyridine substitu-
ent to a neutral pyridone donor ligand (Scheme 1). This mode

of action was, in analogy to the concept of metal-ligand coop-
eration, termed boron-ligand cooperation. The change in the

coordination mode of the pyridone substituent might enable
the dissociation of the pyridone borane complex 4 in the
ligand 6-tert-butylpyridone 5 and Piers borane 6. Piers borane

has been shown to display the typical reactivity of a trivalent
borane, for example, it effects the hydroboration of alkenes

and alkynes. Such dissociation is not possible for classic FLPs
that, as aforementioned, therefore rather display borohydride
reactivity upon H2 activation (Scheme 1).

Scheme 1. A classic intramolecular FLP that displays borohydride reactivity
and reversible H2 activation by the boroxypyridine 3 that might display
borane reactivity upon H2 activation and dissociation.
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Results and Discussion

We envisioned the hydroboration of an alkene to be a valid
test reaction to elucidate whether 3 displays borane reactivity

upon hydrogen activation, since hydroboration requires the
presence of a trivalent borane. Indeed, when 3 was reacted

with one equivalent of styrene under moderate H2-pressure at
RT, the formation of the alkyl borane 7 was observed
(Scheme 2). The alkylborane 7 is also formed when styrene is

reacted with the pyridone borane 4, which supports the as-
sumption that 4 is an intermediate in the formation of 7 start-
ing from 3.

The alkylborane 7 does not undergo a protodeborylation.
However, we envisioned that an analogous alkenylborane,
originating from a reaction sequence consisting of H2 activa-

tion and hydroboration of an alkyne might succumb to proto-

nolysis. This reaction would regenerate the boroxypyridine 3
and close a catalytic cycle for the hydrogenation of alkynes

that consists of H2 activation by 3, hydroboration of an alkyne
and protonolysis of the alkenylborane (Scheme 3).

Indeed, 2-hexyne was stereoselectively converted to cis-2-
hexene in 87 % yield in the presence of catalytic amounts of 4
at 80 8C under 5 bar H2 pressure (Scheme 4). The catalyst 4 was

generated in situ by coordination of 5 to Piers borane 6. An in-
itial screening of reaction conditions showed that a slight

excess of Piers borane 6 (1.3 equivalents with respect to 5) is
beneficial to obtain reproducible good yields. Under the same

conditions, cis-2-octene is obtained in very good yields from
the hydrogenation of 2-octyne. Likewise, cis-3-hexene is

formed upon hydrogenation of 3-hexyne in excellent yield

after only 8 h reaction time. The hydrogenation of 4-methyl-2-
pentyne leads to the corresponding cis alkene in a very good

yield after 16 h reaction time. Upon hydrogenation of the re-
spective alkyne, 1-phenyl-1-propene is obtained in an excellent

yield of 93 %. Ethers are suitable substrates, as proven by the
successful hydrogenation of 1-(para-methoxyphenyl)-propyne.

While 3-hexyne is obtained after 8 h exclusively as cis

isomer, a prolonged reaction time of 16 h led to a 1:1 mixture

of the cis and the trans isomer (Scheme 5). After 20 h, the trans

isomer is the major product. Liu et al. reported that Piers
borane can isomerize cis-alkenes via reversible hydroboration.[5]

We, therefore, assume that the catalytic reaction yields first cis-
3-hexene that is then subsequently isomerized by the Piers
borane 6 that is present in the reaction mixture. Thus, both

stereoisomers are accessible with the catalytic protocol de-
scribed herein.

Scheme 2. Hydroboration of styrene upon H2 activation by 3.

Scheme 3. Envisioned mechanism of the hydrogenation of alkynes catalyzed
by 3 : H2 activation yields the pyridone borane complex 4 that undergoes a
dissociation. Piers borane 6 hydroborates an alkyne, formation of the pyri-
done alkenylborane complex and its protolysis are closing the catalytic
cycle.

Scheme 4. Substrate scope of the semihydrogenation of internal alkynes.
Yields were determined by 1H NMR with trimethoxybenzene as internal stan-
dard and are given as the average of two runs a) 8 h reaction time; b) 16 h
reaction time.

Scheme 5. Stereoselectivity of the hydrogenation of 3-hexyne in depend-
ence of the reaction time.
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The known metal-free protocols for the hydrogenation of al-
kynes are limited to internal alkynes. We were pleased to find

that the catalyst described herein is capable to hydrogenate 1-
octyne in good yield with a catalyst loading of 10 mol %

(Scheme 6). The catalytic protocol can also be used for the hy-
drogenation of other aliphatic alkynes such as cyclohexyl- and

adamantly acetylene. While aromatic rings are tolerated, the
hydrogenation of phenylacetylene and para-(trifluoromethyl)-

phenylacetylene yielded the corresponding alkenes in lower

yields. Again, ethers are suitable substrates, as demonstrated
by the hydrogenation of 6-methoxy-1-hexylacetylene.

With these results in hand, we aimed for a mechanistic un-
derstanding of the catalytic reaction. To verify that the pyri-

done 5 is indeed vital for the reaction, we attempted the hy-
drogenation of 2-hexyne only with Piers borane 6 as catalyst
(Scheme 7). Less than 1 % product was formed under reaction

conditions that are identical to those reported in Scheme 4,
clearly indicating that the presence of the pyridone 5 is essen-

tial for the reaction outcome.
We then focused on the identification of the resting state of

the catalytic reaction. For this purpose, the catalytic hydroge-
nation of 3-hexyne was monitored by NMR (Scheme 8). Under

4 bar H2-pressure, rapid formation of cis-3-hexene was ob-

served at 70 8C in [D6]benzene, which implies that the observa-
tions made by this experiment are meaningful regarding the

catalytic transformation.

The bispyridone complex 8 that was previously described
and characterized in detail was observed by 1H NMR as the

resting state of the catalytic reaction (Figure 1).[8] Furthermore,
1H and 11B NMR proved formation of boroxypyridine 3 with

progressing reaction and hydrogen consumption. This finding
strongly supports the assumption that 3 is part of the catalytic

cycle.[9]

To elucidate whether the envisioned protonolysis of the al-
kenylborane can be assumed to be part of the catalytic reac-

tion, 5 was added to the borane 9, derived from the reaction
of Piers borane 6 and 3-hexyne. The reaction progress at RT
was monitored by NMR spectroscopy (Scheme 9). Within
30 minutes, the formation of the expected pyridone alkenyl-
borane complex 10 was observed. Furthermore, signals that
were assigned to cis-3-hexene, the product of the protonolysis,

were detected. The presence of cis-3-hexene implies that bor-
oxypyridine 3, originating from the protonolysis must be pres-
ent. Indeed, the formation of the bispyridone complex 8 that

contains one equivalent of 3 was observed.
EXSY NMR spectroscopy shows an exchange of the pyri-

done 5 between 10 and 8 at RT, which further supports that 8
is not an unreactive, irreversibly formed species but rather a

resting state. The mechanism of the catalytic reaction was fur-

ther investigated computationally at revDSD-PBEP86-D4/def2-
QZVPP//PBEh-3c (Figure 2).[10, 11] The SMD model for n-hexane

was used to implicitly account for solvent effects.[12] The hydro-

Scheme 6. Substrate scope of the semihydrogenation of terminal alkynes.
Yields were determined by 1H NMR with trimethoxybenzene as internal stan-
dard and are given as the average of two runs.

Scheme 7. Attempted hydrogenation with Piers borane 6 as the catalyst.

Scheme 8. NMR monitoring of the catalytic hydrogenation of 3-hexyne.

Figure 1. 11B NMR spectra (193 MHz, [D6]benzene) obtained by monitoring of
the catalytic reaction (Scheme 8) before heating (blue) and after 15 h at
60 8C (red).

Scheme 9. Stoichiometric reaction of the alkenylborane 9 with the tert-butyl-
pyridone 5.
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gen activation by 3 requires a free activation energy of

19.4 kcal mol@1. This elementary step is according to our com-
putations thermoneutral, which agrees with the previously ob-

served facile reversibility of the hydrogen activation.[7] The free
energy change that is associated with the dissociation of 4
into Piers borane 6 and the pyridone 5 is 16.8 kcal mol@1. Re-

laxed potential energy surface scans indicate that the dissocia-
tion is barrierless. As the experimental results indicate that the
bispyridone complex 8 is the resting state of the transforma-
tion, we considered the coordination of the free pyridone 5 to

the boroxypyridine 3. Indeed, the formation of 8 is according
to the computations exergonic. The hydroboration of the

model substrate 2-butyne requires a moderate activation
energy of 4.9 kcal mol@1 and yields the alkenylborane 11. The
bispyridone complex 8 together with 11 is the resting state of

the catalytic transformation.[13] The pyridone 5, that is bound
in complex 8, coordinates than to 11 forming the pyridone al-

kenylborane complex 12.
Note that pyridone exchange between 8 and the pyridone

alkenylborane complex 10 was observed experimentally by

EXSY NMR. The activation barrier for the protodeborylation is
22.2 kcal mol@1, which corresponds to a half-life time of 12 of

35.8 minutes at 25 8C.[14] This agrees with the experimental ob-
servation that the protodeborylation takes place at RT

(Scheme 9). The „Energetic Span“, that is the kinetic barrier of
the catalytic transformation, is between the resting state (8

and 11) and the transition state of the protodeborylation.[15]

Classic FLP type catalysts are not suitable for the hydrogena-
tion of terminal alkynes, presumably because they are deacti-

vated by an irreversible Csp@H cleavage.[3] To understand why
the catalyst system described herein tolerates terminal alkynes,
3 was reacted with cyclohexylacetylene at RT. As previously re-

ported, this reaction led to the formation of the alkynylborane
complex 13 (Scheme 10).[16] Upon addition of phenylacetylene

Figure 2. Gibbs free energy profile for the hydrogen activation by 3 computed at revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c. Bulk solvation was considered im-
plicitly with the SMD model for hexane.

Scheme 10. Csp@H cleavage of cyclohexylacetylene by 3 and exchange with
phenylacetylene upon heating to 80 8C.
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and heating to 80 8C, 13 was partially converted to the phenyl-
alkynylborane complex 14.

After 1 h at 80 8C, the ratio of 14 to 13 was 4:1. This experi-
ment indicates that the Csp@H cleavage is reversible under the

reaction conditions. The assumption that the formation of the
alkynylborane is reversible is further supported by DFT compu-

tations (Figure 3). According to the computations, the libera-
tion of cyclohexyacetylene from 13 requires a free Gibbs acti-

vation energy of 24.1 kcal mol@1, which corresponds to a half-

life time of 79 seconds at 80 8C. The formation of the phenyl al-
kynyl borane complex 14 is kinetically and thermodynamically
favored.

The computed Gibbs free energy difference of 0.4 kcal mol@1

corresponds to a ratio of 2:1, which is in reasonable agreement

with the experimentally observed proportion of the two alkyn-

yl borane complexes. It is certainly the reversibility of the Csp@
H cleavage that allows H2 activation in the presence of termi-

nal alkynes and thus the first metal-free hydrogenation of ter-
minal alkynes.

Conclusions

We have documented the efficient semihydrogenation of inter-

nal and terminal alkynes by a boroxypyridine that displays frus-
trated Lewis pair reactivity and is, therefore, able to activate

hydrogen. However, the change in the coordination mode of
the pyridonate substituent enables hydroboration as the initial

step of the hydrogenation and is thus vital for the catalytic re-
action. We expect this finding to pave the way for novel

metal-free catalytic reactions that rely on this mode of action.

Experimental Section

General Procedure for hydrogenation of alkynes : Piers borane 6
(13.5 mg, 0.039 mmol) and 6-tert-butyl-2-pyridone 5 (4.5 mg,

0.030 mmol) were dissolved in n-hexane (5 mL) in a Fisher-Porter
type 150 mL reaction vessel equipped with a stirring bar. The re-
spective alkyne (0.60 mmol or 0.30 mmol) was added. The reaction
vessel was closed and connected to an H2 bomb with a gas hose.
The hose was rinsed with H2 several times and the reaction vessel
pressurized with H2 (5 bar). The reaction vessel was placed inside
an 80 8C preheated oil bath and stirred at 1000 rpm. After 20 h, the
reaction mixture was cooled to room temperature and the excess
H2 gas was released. An aliquot was taken, and the yield deter-
mined by 1H NMR using 1,3,5-trimethoxybenzene as internal stan-
dard.

Acknowledgements

This work was financially supported by the FCI and the DFG.
The authors thank Dr. H. Hausmann for assistance with NMR

experiments. Continuous and generous support by Prof. Dr.
P. R. Schreiner, Prof. Dr. R. Gçttlich, and Prof. Dr. H. A. Wegner is

acknowledged. Open access funding enabled and organized
by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: alkynes · boron–ligand cooperation · density

functional calculations · frustrated Lewis pair · hydrogenation

[1] a) G. C. Welch, R. R. S. Juan, J. D. Masuda, D. W. Stephan, Science 2006,
314, 1124 – 1126; b) L. J. Hounjet, D. W. Stephan, Org. Process Res. Dev.
2014, 18, 385 – 391.

[2] a) P. A. Chase, G. C. Welch, T. Jurca, D. W. Stephan, Angew. Chem. Int. Ed.
2007, 46, 8050 – 8053; Angew. Chem. 2007, 119, 8196 – 8199; b) P. A.
Chase, T. Jurca, D. W. Stephan, Chem. Commun. 2008, 1701 – 1703; c) P.
Spies, G. Erker, G. Kehr, K. Bergander, R. Frçhlich, S. Grimme, D. W. Ste-
phan, Chem. Commun. 2007, 5072 – 5074; d) V. Sumerin, F. Schulz, M.
Atsumi, C. Wang, M. Nieger, M. Leskel-, T. Repo, P. Pyykkç, B. Rieger, J.
Am. Chem. Soc. 2008, 130, 14117 – 14118; e) C. Jiang, O. Blacque, H.
Berke, Chem. Commun. 2009, 5518 – 5520; f) K. V. Axenov, G. Kehr, R.
Frçhlich, G. Erker, J. Am. Chem. Soc. 2009, 131, 3454 – 3455; g) D. Chen,
J. Klankermayer, Chem. Commun. 2008, 2130 – 2131; h) D. Chen, Y.
Wang, J. Klankermayer, Angew. Chem. Int. Ed. 2010, 49, 9475 – 9478;
Angew. Chem. 2010, 122, 9665 – 9668; i) G. Ghattas, D. Chen, F. Pan, Klan-
kermayer, J. Dalton Trans. 2012, 41, 9026 – 9028; j) G. Eros, H. Mehdi, I.
Papai, T. A. Rokob, P. Kiraly, G. Tarkanyi, T. Soos, Angew. Chem. Int. Ed.
2010, 49, 6559 – 6563; Angew. Chem. 2010, 122, 6709 – 6713; k) H. D.
Wang, R. Frçhlich, G. Kehr, G. Erker, Chem. Commun. 2008, 5966 – 5968;
l) D. W. Stephan, S. Greenberg, T. W. Graham, P. Chase, J. J. Hastie, S. J.
Geier, J. M. Farrell, C. C. Brown, Z. M. Heiden, G. C. Welch, M. Ullrich,
Inorg. Chem. 2011, 50, 12338 – 12348; m) Z. M. Heiden, D. W. Stephan,
Chem. Commun. 2011, 47, 5729 – 5731.

[3] a) J. S. Reddy, B. H. Xu, T. Mahdi, R. Frohlich, G. Kehr, D. W. Stephan, G.
Erker, Organometallics 2012, 31, 5638 – 5649; b) L. Greb, P. OÇa-Burgos,
B. Schirmer, S. Grimme, D. W. Stephan, J. Paradies, Angew. Chem. Int. Ed.
2012, 51, 10164 – 10168; Angew. Chem. 2012, 124, 10311 – 10315; c) L.
Greb, C. G. Daniliuc, K. Bergander, J. Paradies, Angew. Chem. Int. Ed.
2013, 52, 5876 – 5879; Angew. Chem. 2013, 125, 5989 – 5992; d) B. In8s,
D. Palomas, S. Holle, S. Steinberg, J. A. Nicasio, M. Alcarazo, Y. Segawa,
Angew. Chem. Int. Ed. 2012, 51, 12367 – 12369; Angew. Chem. 2012, 124,
12533 – 12536; e) Y. Segawa, D. W. Stephan, Chem. Commun. 2012, 48,
11963 – 11965.

[4] K. Chernichenko, ]. Madar#sz, I. P#pai, M. Nieger, M. Leskel-, T. Repo,
Nat. Chem. 2013, 5, 718 – 723.

Figure 3. Gibbs free energy profile for the Csp@H activation of cyclohxylace-
tylene and phenylacetylene by 3 computed at revDSD-PBEP86-D4/def2-
QZVPP//PBEh-3c. Bulk solvation was considered implicitly with the SMD
model for hexane.

Chem. Eur. J. 2020, 26, 13445 – 13450 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH13449

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202001276

https://doi.org/10.1126/science.1134230
https://doi.org/10.1126/science.1134230
https://doi.org/10.1126/science.1134230
https://doi.org/10.1126/science.1134230
https://doi.org/10.1021/op400315m
https://doi.org/10.1021/op400315m
https://doi.org/10.1021/op400315m
https://doi.org/10.1021/op400315m
https://doi.org/10.1002/anie.200702908
https://doi.org/10.1002/anie.200702908
https://doi.org/10.1002/anie.200702908
https://doi.org/10.1002/anie.200702908
https://doi.org/10.1002/ange.200702908
https://doi.org/10.1002/ange.200702908
https://doi.org/10.1002/ange.200702908
https://doi.org/10.1039/b718598g
https://doi.org/10.1039/b718598g
https://doi.org/10.1039/b718598g
https://doi.org/10.1039/b710475h
https://doi.org/10.1039/b710475h
https://doi.org/10.1039/b710475h
https://doi.org/10.1021/ja806627s
https://doi.org/10.1021/ja806627s
https://doi.org/10.1021/ja806627s
https://doi.org/10.1021/ja806627s
https://doi.org/10.1039/b909620e
https://doi.org/10.1039/b909620e
https://doi.org/10.1039/b909620e
https://doi.org/10.1021/ja8100006
https://doi.org/10.1021/ja8100006
https://doi.org/10.1021/ja8100006
https://doi.org/10.1039/b801806e
https://doi.org/10.1039/b801806e
https://doi.org/10.1039/b801806e
https://doi.org/10.1002/anie.201004525
https://doi.org/10.1002/anie.201004525
https://doi.org/10.1002/anie.201004525
https://doi.org/10.1002/ange.201004525
https://doi.org/10.1002/ange.201004525
https://doi.org/10.1002/ange.201004525
https://doi.org/10.1039/c2dt30536d
https://doi.org/10.1039/c2dt30536d
https://doi.org/10.1039/c2dt30536d
https://doi.org/10.1039/b813286k
https://doi.org/10.1039/b813286k
https://doi.org/10.1039/b813286k
https://doi.org/10.1021/ic200663v
https://doi.org/10.1021/ic200663v
https://doi.org/10.1021/ic200663v
https://doi.org/10.1039/c1cc10438a
https://doi.org/10.1039/c1cc10438a
https://doi.org/10.1039/c1cc10438a
https://doi.org/10.1021/om3006068
https://doi.org/10.1021/om3006068
https://doi.org/10.1021/om3006068
https://doi.org/10.1002/anie.201204007
https://doi.org/10.1002/anie.201204007
https://doi.org/10.1002/anie.201204007
https://doi.org/10.1002/anie.201204007
https://doi.org/10.1002/ange.201204007
https://doi.org/10.1002/ange.201204007
https://doi.org/10.1002/ange.201204007
https://doi.org/10.1002/anie.201210175
https://doi.org/10.1002/anie.201210175
https://doi.org/10.1002/anie.201210175
https://doi.org/10.1002/anie.201210175
https://doi.org/10.1002/ange.201210175
https://doi.org/10.1002/ange.201210175
https://doi.org/10.1002/ange.201210175
https://doi.org/10.1002/anie.201205348
https://doi.org/10.1002/anie.201205348
https://doi.org/10.1002/anie.201205348
https://doi.org/10.1002/ange.201205348
https://doi.org/10.1002/ange.201205348
https://doi.org/10.1002/ange.201205348
https://doi.org/10.1002/ange.201205348
https://doi.org/10.1039/c2cc37190a
https://doi.org/10.1039/c2cc37190a
https://doi.org/10.1039/c2cc37190a
https://doi.org/10.1039/c2cc37190a
https://doi.org/10.1038/nchem.1693
https://doi.org/10.1038/nchem.1693
https://doi.org/10.1038/nchem.1693
http://www.chemeurj.org


[5] For further examples of metal-free semihydrogenation of alkynes that
are initated by a hydroboration see: a) Y. Liu, L. Hu, H. Chen, H. Du,
Chem. Eur. J. 2015, 21, 3495 – 3501; b) K. C. Szeto, W. Sahyoun, N. Merle,
J. Llop Castelbou, N. Popoff, F. Lefebvre, J. Raynaud, C. Godard, C.

Claver, L. Delevoye, R. M. Gauvinc, M. Taoufik, Catal. Sci. Technol. 2016,
6, 882 – 889.

[6] For examples of the semihydrogenation of alkynes by gold nanoparticle

based FLPs see: a) J. L. Fiorio, N. Ljpez, L. M. Rossi, ACS Catal. 2017, 7,
2973 – 2980; b) J. L. Fiorio, R. V. GonÅalves, E. Teixeira-Neto, M. A. OrtuÇo,
N. Ljpez, L. M. Rossi, ACS Catal. 2018, 8, 3516 – 3524.

[7] U. Gellrich, Angew. Chem. Int. Ed. 2018, 57, 4779 – 4782; Angew. Chem.

2018, 130, 4869 – 4872.
[8] T. Meller, M. Hasenbeck, J. Becker, U. Gellrich, Eur. J. Org. Chem. 2019,

451 – 457.
[9] As a slight excess of borane was used (1.3 equivalents), the alkenylbor-

ane 9 was also observed. For details, see the Supporting Information.
[10] a) G. Santra, N. Sylvetsky, J. M. L. Martin, J. Phys. Chem. A 2019, 123,

5129 – 5143; b) E. Caldeweyher, C. Bannwarth, S. Grimme, J. Chem. Phys.
2017, 147, 034112; c) E. Caldeweyher, S. Ehlert, A. Hansen, H. Neugeba-

uer, S. Spicher, C. Bannwarth, S. Grimme, J. Chem. Phys. 2019, 150,
154122; d) F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7,
3297 – 3305; e) A. Hellweg, C. Hattig, S. Hofener, W. Klopper, Theor.

Chem. Acc. 2007, 117, 587 – 597; f) F. Weigend, J. Comput. Chem. 2008,
29, 167 – 175.

[11] a) S. Grimme, J. G. Brandenburg, C. Bannwarth, A. Hansen, J. Chem. Phys.
2015, 143, 054107; b) H. Kruse, S. Grimme, J. Chem. Phys. 2012, 136,
154101; c) S. Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32,
1456 – 1465; d) S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys.
2010, 132, 154104; e) F. Weigend, Phys. Chem. Chem. Phys. 2006, 8,
1057 – 1065.

[12] A. V. Marenich, C. J. Cramer, D. G. Truhlar, J. Phys. Chem. B 2009, 113,
6378 – 6396.

[13] The excess of Piers borane used in the catalytic experiments (0.3 equiv)
will likely result in a higher concentration of the alkenylborane 11.

[14] H. Eyring, J. Chem. Phys. 1935, 3, 107 – 115.
[15] a) S. Kozuch, S. Shaik, J. Am. Chem. Soc. 2006, 128, 3355 – 3365; b) S.

Kozuch, S. Shaik, Acc. Chem. Res. 2011, 44, 101 – 110.
[16] M. Hasenbeck, T. Meller, U. Gellrich, Catal. Sci. Technol. 2019, 9, 2438 –

2444.

Manuscript received: March 14, 2020
Revised manuscript received: April 1, 2020

Accepted manuscript online: April 3, 2020

Version of record online: September 18, 2020

Chem. Eur. J. 2020, 26, 13445 – 13450 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH13450

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202001276

https://doi.org/10.1002/chem.201405388
https://doi.org/10.1002/chem.201405388
https://doi.org/10.1002/chem.201405388
https://doi.org/10.1039/C5CY01372K
https://doi.org/10.1039/C5CY01372K
https://doi.org/10.1039/C5CY01372K
https://doi.org/10.1039/C5CY01372K
https://doi.org/10.1021/acscatal.6b03441
https://doi.org/10.1021/acscatal.6b03441
https://doi.org/10.1021/acscatal.6b03441
https://doi.org/10.1021/acscatal.6b03441
https://doi.org/10.1021/acscatal.8b00806
https://doi.org/10.1021/acscatal.8b00806
https://doi.org/10.1021/acscatal.8b00806
https://doi.org/10.1002/anie.201713119
https://doi.org/10.1002/anie.201713119
https://doi.org/10.1002/anie.201713119
https://doi.org/10.1002/ange.201713119
https://doi.org/10.1002/ange.201713119
https://doi.org/10.1002/ange.201713119
https://doi.org/10.1002/ange.201713119
https://doi.org/10.1002/ejoc.201800847
https://doi.org/10.1002/ejoc.201800847
https://doi.org/10.1002/ejoc.201800847
https://doi.org/10.1002/ejoc.201800847
https://doi.org/10.1021/acs.jpca.9b03157
https://doi.org/10.1021/acs.jpca.9b03157
https://doi.org/10.1021/acs.jpca.9b03157
https://doi.org/10.1021/acs.jpca.9b03157
https://doi.org/10.1063/1.4993215
https://doi.org/10.1063/1.4993215
https://doi.org/10.1063/1.5090222
https://doi.org/10.1063/1.5090222
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1007/s00214-007-0250-5
https://doi.org/10.1007/s00214-007-0250-5
https://doi.org/10.1007/s00214-007-0250-5
https://doi.org/10.1007/s00214-007-0250-5
https://doi.org/10.1002/jcc.20702
https://doi.org/10.1002/jcc.20702
https://doi.org/10.1002/jcc.20702
https://doi.org/10.1002/jcc.20702
https://doi.org/10.1063/1.4927476
https://doi.org/10.1063/1.4927476
https://doi.org/10.1063/1.3700154
https://doi.org/10.1063/1.3700154
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1039/b515623h
https://doi.org/10.1039/b515623h
https://doi.org/10.1039/b515623h
https://doi.org/10.1039/b515623h
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/jp810292n
https://doi.org/10.1063/1.1749604
https://doi.org/10.1063/1.1749604
https://doi.org/10.1063/1.1749604
https://doi.org/10.1021/ja0559146
https://doi.org/10.1021/ja0559146
https://doi.org/10.1021/ja0559146
https://doi.org/10.1021/ar1000956
https://doi.org/10.1021/ar1000956
https://doi.org/10.1021/ar1000956
https://doi.org/10.1039/C9CY00253G
https://doi.org/10.1039/C9CY00253G
https://doi.org/10.1039/C9CY00253G
http://www.chemeurj.org

