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ABSTRACT: This study details the first use of well-
defined low-valent p-block metal hydrides as catalysts in
organic synthesis. That is, the bulky, two-coordinate
germanium(1I) and tin(II) hydride complexes, L'(H)M:
(M = Ge or Sn, L' = =N(Ar")(SiPr};), Ar' = C¢H,{C-
(H)Ph,},Pr'-2,6,4), are shown to act as efficient catalysts
for the hydroboration (with HBpin, pin = pinacolato) of a
variety of unactivated, and sometimes very bulky, carbonyl
compounds. Catalyst loadings as low as 0.0S mol % are
required to achieve quantitative conversions, with turnover
frequencies in excess of 13300 h™' in some cases. This
activity rivals that of currently available catalysts used for
such reactions.

he advances that have been made in the chemistry of low

oxidation state p-block compounds over the past several
decades have been remarkable. More than being mere chemical
curiosities, it has begun to be realized that the low coordination
numbers and electronic structure of many of these compounds
can lead to them displaying reactivity that closely mimics that of
transition metal complexes. This is especially so for the facile
activation of catalytically relevant small molecules (e.g.,, H,, NH;,
CO,, alkenes, ketones, etc.), the regular demonstration of which
has led to a recent drive to develop low-valent p-block
compounds as replacements for transition metal based catalysts
in a variety of synthetic processes.” Although efficient “transition
metal-like” catalysis involving well-defined low-valent p-block
metal systems is still essentially unknown,” any progress in this
field would offer the enticing possibility of substituting often
expensive, toxic, and increasingly scarce d-block metals with
cheaper, less toxic, and earth abundant p-block metals in both the
academic and industrial settings.

Recently we reported that the amido-digermyne, L'GeGeL'
(L" = —N(Ar")(SiPry), Ar' = CgH,{C(H)Ph,},Pr'2,6,4),
activates dihydrogen at temperatures as low as —10 °C to
quantitatively yield the hydrido-digermene, L'(H)Ge=Ge(H)-
L' .3 Furthermore, because of the extreme steric bulk of its amide
ligand, this compound, and its isomeric tin analogue, LSn(u-
H),SnL’, were shown to exist in equilibrium with significant
amounts of the unprecedented monomeric, two-coordinate
metal(IT) hydrides, L'(H)M: (M = Ge 1 or Sn 2), in solution.>
Given the unsaturated nature of hydridic 1 and 2 (they possess an
empty p-orbital at M), it seemed plausible that they could act as
catalysts for the hydroelementation of unsaturated substrates. In
order to test this hypothesis, the catalytic hydroboration of a
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variety of aldehydes and ketones with the mild borane reagent,
HBpin (pin = pinacolato), was chosen. This choice was made,
first because the selective and efficient conversion of carbonyl
compounds to alcohols is of great importance to organic
synthesis.* Moreover, it would allow for comparisons to be
drawn with the many transition metal (e.g,, Rh!® Ru".® Mo"/”
Ti'"™V®) complexes, and the small number of “normal oxidation
state” main group systems (e.g., {(""Nacnac)MgH},, ""Nacnac
= [(DipNCMe),CH]~, Dip = C¢H,Pr',-2,6),” that are known to
effect hydroborations of carbonyl compounds under mild
conditions. Another reason for the selection of carbonyl
substrates in the present study was that a recent computational
investigation predicted that related hydroelementations of the
activated ketone, O=C(Ph)(CF;), catalyzed by the three-
coordinate germanium(II) hydride, (°"Nacnac)GeH, should
be both thermodynamically and kinetically viable."’ Here, we
show that the markedly more reactive two-coordinate group 14
metal(II) hydrides, 1 and 2, can efficiently and selectively
catalyze the hydroboration of even unactivated and bulky
ketones/aldehydes (Chart 1). Although the intermediacy of
tin(II) hydrides in carbonyl hydroelementations has been
previously proposed, this work represents the first use of well-
defined low-valent p-block metal hydride species as catalysts in
organic synthesis.""

At the outset of this study, the stoichiometric reactions of 1
and 2 with either HBpin or the bulky carbonyl substrates, O=
C(Pr'), and O=C(H)(PhOMe-4), were carried out in order to
assess the viability of the proposed catalytic protocols."”” No
noticeable reactions were observed between the metal(1I)
hydrides and HBpin, as evidenced by the fact that the
characteristic low field hydride resonances ("H NMR) of 1 and
2 shifted negligibly upon addition of HBpin to their solutions. In
contrast, the reactions with 1 equiv of the carbonyl substrates
were rapid at ambient temperature and afforded the hydro-
metalation products, L'MOC(H)(Pr'), (M = Ge 3, Sn 4) and
L'MOC(H),(PhOMe-4) (M = Ge §, Sn 6), in a matter of
seconds, and in essentially quantitative yields (as determined by
"H NMR spectroscopic analyses of the reaction mixtures). All of
3—6 were crystallographically characterized (see Figure 1 for
molecular structures of 3 and §) and were found to be
monomeric in the solid state.

The reactivity of 1 and 2 can be compared to that of the only
other group 14 metal(II) hydrides, ("*Nacnac)MH (M = Ge or
Sn), that are known to hydrometallate ketones.'*'* While 1 and
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Chart 1. Catalysts Used in This Study
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Figure 1. Thermal ellipsoid plot (20% probability surface) of (a)
L'GeOC(H)(Pr'), 3 and (b) L'GeOC(H),(PhOMe-4) § (hydrogen
atoms omitted). Selected bond lengths (A) and angles (deg) for 3/5:
Ge(1)—N(1) 1.883(3)/1.877(2), Ge(1)—0O(1) 1.797(3)/1.8120(19),
N(1)—Ge(1)—0(1) 99.44(14)/97.49(9).

Table 1. Hydroborations of Aldehydes, RC(H)O, Catalyzed
by 1 or 2 (see Scheme 1)

cat.? loading (mol %) R time (h)? yield (%) TOF (h )4
2 0.05 Ph 2.5 >99 800
2 0.05 PhBr-4 4.5 >99 450
2 0.05 PhOMe S >99 400
2 0.05 Et <0.15 >99 >13300°
2 0.05 Pr’ <0.15 >99 >13 300°
2 0.05 Cy <0.15 >99 >13 300°
1 1 Ph LS >99 67
1 1 PhBr-4 4 >99 25
1 1 PhOMe 6 >99 17
1 0.05 Et 1 >99 2000
1 0.05 Pr' 0.4 >99 5000
1 0.05 Cy 0.33 >99 6000

“Catalyst 2 generated in situ using the precatalyst, L'SnOBu’. “All
reactions carried out in dg-benzene at 20 °C using 1 equiv of HBpin.
“Obtained by 1ntegrat10n of RCH,OBpin signal against tetramethylsi-
lane internal standard. “Turnover frequency - average value for
complete reaction. “TOF lower limit.

2 rapidly hydrometallate the bulky, unactivated ketone, O=
C(Pr'),, at ambient temperature, (""Nacnac)GeH reacts only
slowly (over 12 h) with activated ketones (e.g, O=C(Ph)-
(CF;))," and forcing conditions (110 °C, 12 h) are required for
(°PNacnac)SnH to hydrostannylate the bulky aliphatic ketone,
O=C(cyclopropyl),."* Undoubtedly, the empty p-orbital
available at the metal centers of 1 and 2 give rise to their
markedly enhanced reactivity, relative to intramolecularly base
stabilized (°"Nacnac)MH. The two-coordinate nature of 3—6 is
also the most likely reason why they subsequently react cleanly
with 1 equiv of HBpin at ambient temperature (though at slower
rates than the hydrometalation reactions) to give the borate
esters, pinBOC(H)(Pr'), and pinBOC(H),(PhOMe-4),, and to
regenerate the metal hydrides, 1 and 2. Furthermore, the
generated borate esters are unreactive toward regenerated 1 or 2.
These results gave a strong indication that 1 and 2 could act as
efficient catalysts for the hydroboration of carbonyl compounds.
This was systematically explored, though given the fact that 2
slowly decomposes in solution at ambient temperature (over 2
days),* the thermally stable, monomeric precatalyst, L'SnOBu'
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Table 2. Hydroborations of Ketones, (R')(R*)CO, Catalyzed
by 1 or 2 (see Scheme 1)

loading time yield TOF

cat.®  (mol %) R! R? (h)® (%)° (h™H)4

2 0.5 Ph CF, <015 >99 1330
2 0.5 Ph Ph 2.5 95 80
2 0.5 PhOMe Me 025 98 800
2 0.5 PhEt-4 Me 025 >99 800
2 0.5 Ph C(O)Ph® 033 96 600
2 0.5 cy 175 96 115
2 1 CyMe-28 0.5 99 200
2 0.5 2-cyclohexene®” 0.5 >99 400
2 0.5 Ad’ 2.5 9 80
2 2 Pr' Pr' 24 95 17
1 2.5 Ph CF, 0.25 >99 160
1 1.25 Ph Ph 48 >99 17
1 2.5 PhOMe Me 133 >99 30

1 2.5 PhEt-4 Me 1 >99 40

1 5 Ph C(O)Ph® 04 9% 50

1 5 cy <015 >99 130
1 S CyMe-28 0.5 >99 40

1 2.5 2-cyclohexene®” 1 >99 40

1 125 Ad’ 4 >99 20

1 125 Pr' Pr' 168 80 047

“Catalyst 2 generated in situ using the precatalyst, L'SnOBu. bAll
reactions carried out in dg-benzene at 20 °C using 1 equiv of HBpin
(unless stated otherwise). “Obtained by 1ntegrat10n of R,CHOBpin
signal against tetramethylsilane internal standard. “Turnover frequency
- average value for complete reaction. 2 equiv of HBpin.
fCyclohexanone. $2-Methylcyclohexanone. 2-Cyclohexen-1-one.
‘Adamantanone.

Scheme 1. Proposed Cycle for the Hydroboration of Carbonyl
Compounds, (R')(R?)CO (R'/R? = Alkyl, Aryl or H),
Catalyzed by L'MH (M = Ge or Sn)
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(see Supporting Information (SI)) was used for the tin based
studies. Prior to the catalytic runs, it was confirmed that this does
not itself react with the carbonyl substrates, but does react rapidly
and cleanly with excess HBpin to generate 2 in situ. One other
advantage of the use of L'SnOBu' is that it is considerably more
moisture and oxygen tolerant than 2. With regard to the
hydroboration of aldehydes (see Table 1), (pre)catalyst loadings
of only 0.05 mol % were typically required to generate the borate
ester product, essentially quantitatively, and often in under 1 h.
As the experiments were carried out in NMR tubes and
monitored by "H NMR spectroscopy, a number of the tin
catalyzed reactions (i.e, those marked time <0.15 h) were
complete before the reaction mixture could be analyzed. Indeed,
a qualitative visual assessment of all such reactions suggested that
they were complete in <1 min and, therefore, that their turnover
frequencies are likely to be considerably higher than the already
impressive quoted lower limit of 13300 h™".
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Figure 2. Calculated (BP86+D(BJ)/def2-TZVPP) free energy profile for the reaction of O=C(Pr’), with HBpin, catalyzed by LSnH 2. Selected bond

lengths (A), and free and electronic energies (kcal/mol), are shown.

It is clear from the results presented in Table 1 that the
hydroboration of aliphatic aldehydes is significantly more
efficient than that of the aromatic aldehydes. This is likely due
to a combination of steric and electronic factors. That is, the
bulkier the substrate, the more difficult it is for the O-center of its
hydrometalated product, L'MOC(H),R, to approach the boron
center of HBpin in the rate-determining, o-bond metathesis step
of the catalytic cycle (vide infra). Similarly, aryl substituents (R)
likely reduce the Lewis basicity of the O-center of L'MOC(H),R,
relative to aliphatic substituents (R) on the intermediate.
Furthermore, it is apparent that reactions employing the tin
precatalyst, L'SnOBu’ (and therefore the catalyst, 2), are more
rapid than those carried out with the Ge catalyst, 1. This can be
explained by the larger, more Lewis acidic metal center, and more
polar >*M—0°%" bonds, in the hydrostannylated intermediates,
thus making these intermediates more reactive toward HBpin
than their Ge counterparts.'®

Not surprisingly, to achieve near-quantitative hydroborations
of ketones (Table 2), higher catalyst loadings were required than
for the less bulky aldehyde substrates. In addition, the ketone
hydroboration reactions were slower, though, as was the case for
aldehydes, the reactions catalyzed by tin were more rapid than
those employing the germanium hydride catalyst. With that said,
the hydroborations of the aldehydes and ketones reported here
are typically more efficient than all similar, previously reported
transition metal catalyzed hydroborations utilizing HBpin.** It
should be noted, however, that the group 14 catalysts show
similar efficiencies to the highly active magnesium hydride
hydroboration catalyst, {(""Nacnac)MgH},, recently reported
by Hill et al.”

Although all hydroborations are completely regioselective for
the formation of borate esters, preliminary investigations were
carried out to determine the chemo- and diastereoselectivity of
the ketone reductions. First, it was found that dihydroborations
of the a-diketone, benzil, were rapid with both catalysts (using
200 mol % of HBpin) and that there was no evidence for the
formation of the singly hydroborated product in either reaction.
In contrast, the catalyzed reactions of 2-cyclohexen-1-one with 2
equiv of HBpin were complete in under 1 h, but led only to the
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chemoselective and quantitative reduction of the ketone
functionality, leaving the alkene fragment intact. With respect
to diastereoselectivity, the hydroboration of 2-methylcyclo-
hexanone was carried out with both catalysts. While little
selectivity was observed for the tin catalyst, significant cis-/trans-
selectivity (ca. 72:28) was reproducibly achieved for the Ge
catalyst under several catalyst loadings. Although the origin of
this selectivity is not yet clear, it is intriguing that this is the
opposite of the (less pronounced) trans-/cis-diastereoselectivity
typically observed for the hydroboration of this substrate.'®

In order to shed some light on the mechanism of the observed
reactions, a kinetic analysis of the hydroboration of 4-
ethylacetophenone catalyzed by the germanium hydride
compound, 1, was undertaken using the initial rates method
(see SI for full details).'” The results of that analysis clearly
indicate first-order dependence of the reaction in both HBpin
and catalyst and zero-order dependence in ketone. This implies
that the rate-determining step of the catalytic cycle is the reaction
of the alkoxide intermediate, L'GeOC(H)(Me)(PhEt-4), with
HBpin, and therefore that the intermediate is the resting state in
the cycle. This conclusion is consistent with the preliminary
stoichiometric reaction studies mentioned above and also implies
that the equilibrium between L'(H)Ge=Ge(H)L' and
L'(H)Ge, 1, should have little effect on the overall reaction
rate. While it cannot be certain, it seems very likely that the active
species in that equilibrium is two-coordinate 1, which is rapidly
consumed by reaction with the ketone,'* and is thus only present
in the reaction mixture in negligible amounts throughout the
cycle.

We propose that the mechanism of the Ge- and Sn-catalyzed
reactions initially involves attack of the O-center of the substrate
at the two-coordinate metal center, with hydrometalation
subsequently proceeding via a four-membered transition state
(Scheme 1). The monomeric, two-coordinate metal alkoxide
intermediate then undergoes a -bond metathesis reaction with
HBpin to generate the borate ester and return the catalyst. It is
noteworthy that this mechanism is reminiscent of that proposed
by Hill et al. for {(°"Nacnac)MgH}, catalyzed ketone
hydroborations.” So as to assess the feasibility of our proposal,
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the free energy profile of the tin hydride catalyzed reaction of
HBpin with the very bulky substrate, O=C(Pr'),, was calculated
using DFT, with the inclusion of dispersion interactions
(BP86+D(BJ)/def2-TZVPP). The calculated profile (Figure
2)"® closely matches the proposed general mechanism and shows
that both the hydrostannylation and 6-bond metathesis reactions
are exergonic, by —16.7 and —3.4 kcal/mol, respectively.
Furthermore, the fact that these reactions exhibit kinetic barriers
of 10.5 and 16.1 kcal/mol, respectively, is fully consistent with
the experimental observation that the 6-bond metathesis reaction
is the rate-determining step in the catalytic cycle. Considering
that these calculations were carried out on the experimentally
most difficult substrate to hydroborate, it would be expected that
the kinetic barriers to the hydroboration of less bulky substrates
would be significantly lower. Accordingly, the computational
study clearly highlights the thermodynamic and kinetic viability
of the proposed general mechanism.

In conclusion, the use of well-defined low-valent p-block metal
hydrides as catalysts in organic synthesis has been demonstrated
for the first time. In this respect, the highly reactive, two-
coordinate germanium(II) and tin(II) hydride compounds, 1
and 2, have effected the catalytic addition of HBpin to a range of
carbonyl compounds, with efficiencies that rival the most active
catalysts presently available for such reactions. It seems
reasonable that low-valent group 14 metal compounds, such as
1 and 2, will find a range of other catalytic applications in organic
synthetic methodologies (e.g., alkene hydrosilylations, CO,
reductions, etc.). We are currently investigating this possibility
and will report on our findings in due course.
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