Rhodium-catalyzed insertion of nitrenes into B—H bonds
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ABSTRACT: The paper presents a new method for the formation of B-N bond by the catalytic insertion of nitrenes into or-
ganic boranes. The reaction proceeds most selectively for cyclic boranes with 2-phenylpyridine framework and nitrenes
generated in situ by oxidation sulfonamides and sulfamates. The most effective catalysts for the process are rhodium and
ruthenium carboxylates of [M2(O0OCR)4]X type. Complexes with NTTL ligands derived from S-tert-leucine provide chiral
products with stereogenic boron atoms. The developed approach can be useful for the introduction of boron heterocycles

into functional materials and biologically active molecules.

INTRODUCTION

Metal-catalyzed insertion of carbenes into C-H bonds is a
powerful method for the construction of complex organic
molecules (Scheme 1).12 It is widely employed for the syn-
thesis of natural compounds and late-stage functionaliza-
tion of biologically active molecules. Due to the develop-
ment of various catalysts (most notably rhodium carbox-
ylates and copper bis(oxazoline) complexes), such inser-
tion reactions can be carried out with high regio- and en-
antioselectivity to obtain valuable chiral products. About a
decade ago, this approach has been extended to carbene
insertion into B-H bonds of L-BH3 adducts, which provided
useful chiral boranes that are inaccessible by other meth-
ods, such as hydroboration or direct borylation.3-8 Moreo-
ver, unique compounds with stereogenic boron centers
have been obtained this way.’

Like carbenes, nitrenes are highly reactive species that
can undergo similar metal-catalyzed reactions.!® In recent
years, there has been significant interest in the asymmetric
insertion of nitrenes into C-H bonds, sparking the devel-
opment of new catalysts and synthetic pathways for the
synthesis of valuable chiral amines.!! However, similar
insertion of nitrenes into B-H bonds has remained com-
pletely unknown, to the best of our knowledge.1213

Herein, we report a first investigation of a such reaction,
which provides a new method for the construction of B-N
bonds (Scheme 1). Due to the high nucleophilicity of bo-
ranes, they react under mild conditions with electrophilic
nitrenes generated in situ from the corresponding sulfon-
amides and sulfamates. Insertion of nitrenes into prochiral
boranes with 2-aryl-pyridine framework in the presence of
chiral rhodium and ruthenium carboxylates gives access to
rare compounds with stereogenic boron centers.

Scheme 1. Metal-catalyzed insertion of carbene and
nitrenes into C-H and B-H bonds.
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RESULTS AND DISCUSSION

Reaction Optimization. We started our investigation by
exploring the reactivity of the common nitrene precursor
PhI=NTs with various borane adducts L-BHsz (1) (Table 1).
Rhzesp: catalyst was employed as a natural choice, known
for its exceptional robustness in nitrene chemistry, in con-
trast to other dirhodium(ILII) carboxylates like
Rh2(0Ac)41415

https://doi.org/10.26434/chemrxiv-2024-9v7s3 ORCID: https://orcid.org/0000-0002-0864-8907 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-9v7s3
https://orcid.org/0000-0002-0864-8907
https://creativecommons.org/licenses/by-nc/4.0/

The reaction of PhI=NTs with the highly nucleophilic
1,3-dimethylimidazoyl-2-ylidene borane (1a) in the pres-
ence of Rhz(esp):z (2 mol%) immediately gave a mixture of
two insertion products - mono- (2a) and bis-amide (3a)
(entry 1). However, further attempts to enhance the selec-
tivity for the formation of 1a by reducing the loading of the
nitrene precursor and lowering the temperature were un-
successful. When the sterically hindered borane adduct 1b
bearing two 2,6-diisopropylphenyl substituents was used
instead of 1a, no insertion products were observed, de-
spite the prompt full conversion of the starting nitrene
precursor. Similarly, the reactions of PhI=NTs with tri-
ethylamine- and tributylphosphine boranes 1c and 1d did
not provide any desired products, possibly because of the
lower nucleophilicity attributed to the higher B-H BDE
values.1617 To our delight, the pyridine-borane complex 1e
gave the desired mono-amide 2e with exceptionally high
selectivity (entry 5), although we were unable to isolate it
in pure form because of its instability. Interestingly,
nitrenes reacted faster with NHC-borane 1a than pyridine-
borane 1e, while the opposite was observed for the car-
bene insertion reactions.®

Table 1. Insertion of nitrene derived from PhI=NTs
into various B-H bonds.

PhINTs (1.2 equiv.)

Rhyesp, (2 mol%) NHTs NHTS
L—=>BHj; L-’B\—H + L—=>B-H
DCM, RT, 30 min H NHTs
1a-f 2a-f 3a-f
e givp
N N J —
[ > BH, [ »=8H; ¢ “N—>BH, \
N Vs
\ \ B
Me dipp H” \H
1a 1b 1e 1f
Etz;N—>BH;  BusP—BH,
1c 1d
entry SM  conv (%)2 yield2 (%) yield 3 (%)?
1 1a 87 24 30
2 1b <5 <5 <5
3 1c 14 <5 <5
4 1d 9 <5 <5
5 le 52 50 <5
6 1f 77 69 <5

aConversion of the starting boranes and yields of the products were
estimated by 'H NMR spectra of the crude mixtures using 1,3,5-
tribromobenzene as the internal standard.

Since only the pyridine-borane selectively yielded the
mono-insertion product, we decided to enhance its stabil-
ity by employing the chelated 2-phenylpyridine borane
1£.18 Indeed, the reaction of 1f with PhI=NTs also gave only
the mono-amide 2f, which, unlike pyridine derivative 2e,
can be isolated and purified by standard column chroma-
tography without significant decomposition. Later inspec-
tion revealed that 2f slowly decomposes upon standing in

air in CDCls solution (ca. 5% decomposition over 3 days at
20 °C), but can be stored indefinitely as a solid in a freezer.
The obtained NHC-amidoboranes 2a and 3a are even more
stable, showing no decomposition after one week in solu-
tion at ambient temperature in air. We were able to con-
firm the structures of 2a, 3a, and 2f by X-ray analysis; the
structure of 2a is shown in Figure 1.
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Figure 1. X-ray structure of 2a. Atoms are shown as 50%
thermal ellipsoids. Selected distances [A]: B1-C2 1.612(2),
B1-N3 1.553(2).

Before proceeding with investigation of the reaction
scope, we explored the activity of other catalysts, which
have previously been used in the nitrene insertion reac-
tions, such as Co(TPP), [Cu(MeCN)4]*, and [Au(PPhs)]*.1t
These complexes also provided the desired product 2f,
albeit in significantly lower yields than Rhz(esp)2 (see SI).
At the same time, we were pleased to find out that in the
case of Rhz(esp)2 catalyst, the nitrene precursor PhI=NTs
can be generated in situ from tosylamide and PhIO oxidant,
despite the presence of borane 1f. The resulting mixture
provides 2f in 54% yield, which is only slightly lower com-
pared to the reaction with the preformed iodinane.

Scope and Limitations. With the optimized conditions
in hand, we explored the reactivity of various substituted
nitrenes in B-H insertion reaction (Scheme 2). Aryl sulfon-
amides reacted similarly to TsNHz, giving the desired in-
sertion products 2g-1 in ca. 55-65% yields, regardless of
the presence of electron-rich (21, Ar = naphthyl) or elec-
tron-poor (2j, Ar = p-nitrophenyl) groups. Even more elec-
tron-rich alkyl sulfonamides also reacted smoothly and
gave products 2m-o, although the reaction time for these
substrates had to be extended up to 24 hours (aryl sulfon-
amides usually reached full conversion within an hour).

Then we explored the reactivity of the more electron-
deficient sulfamates ROSO2NH2. The classic trichloroethyl
sulfamate (TcesNH2)! reacted with 1f much faster than
TsNHz, reaching the full conversion within a few minutes
and giving the corresponding product 2p in 65% yield.
Other polyhalogenated alkyl sulfamates, as well as aryl
sulfamates, provided the expected products 2q-u in com-
parable yields. It should be noted that the resulting com-
pounds are somewhat less stable compared to sulfonamide
insertion products 2f-o, and notable decomposition was
observed upon standing in solution in air for 24 hours.

2
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Scheme 2. Catalytic insertion of nitrenes derived from sulfonamides and sulfonates into 2-phenylpyridine-boranes.
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aReaction conditions: borane derivative 1f or 1v-z (0.2 mmol), sulfonamide or sulfonate (0.24 mmol), PhIO (0.24 mmol),
Rhzespz (1 mol%), DCM (2 ml), RT, 0.5 to 24 h. ? Isolated yields. ¢ Performed on a 6 mmol scale. 4 Performed on a 0.1 mmol scale.
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The introduction of substituents into the phenylpyridine
framework does not influence the reactivity of the starting
borane adduct, so the corresponding insertion products
2v-z were obtained in good yields (55-70%). Given the
rising interest in carboranes as unique structural pharma-
cophores for drug design,2%2! we also carried out the reac-
tion with two carborane sulfamate derivatives, which gave
the target products 2aa and 2ab in ca. 60% yields. It is
noteworthy, that intramolecular insertion of nitrene into
less electron-rich B-H bonds of carborane core was not
observed, although similar reactions are known in the lit-
erature.! Finally, we examined the possibility of using the
developed strategy for the late-stage functionalization of
sulfamates derived from natural compounds. It was found
that primary (2ac, topiramate derivative), secondary (2ad,
cholesterol derivative), and aryl sulfamates (2ae, tyrosine
derivative) reacted smoothly with 1f to give the desired
products. This approach may find an application for boron
labeling of biologically active molecules.

Nitrenes have been previously generated from carba-
mates in the presence of Rh2(0Ac)+ and PhI(0OAc)2,? so we
also briefly investigated their applicability for the insertion
into B-H bonds. While regular carbamates such as BocNH:
did not cause any conversion of the borane 1f under our
conditions, the activated trichloroethyl carbamate
(TrocNHz) quickly reacted, giving the insertion product.
However, we could not isolate it in pure form apparently
due to its instability.

Overall, the reaction scope demonstrates that borane 1f
can react with a variety of nitrene precursors. This is
markedly different from the catalytic nitrene insertion into
C-H bonds, which usually require some specific nitrene
precursors such as TcesNHz. These results are consistent
with the fact that B-H bonds are, in general, much more
reactive than C-H bonds.1¢

In order to describe the observed reactivity patterns, we
performed some mechanistic studies. The competitive re-
action of 1f and 1f-dz with PhI=NTs provided a mixture of
products in a 1.6:1 ratio, regardless of the conversion of
starting materials (Scheme 3, a). This kinetic isotopic effect
(KIE) is similar to the one previously observed for Rh-
catalyzed carbene insertion into B-H bonds (KIE=1.5)¢ and
somewhat lower than the one obtained for the Rh-
catalyzed nitrene insertion into C-H bonds (KIE=2.6).23
This is consistent with the highly reactive nature of borane
adducts and demonstrates that nitrene insertion into B-H
bond is unlikely to be a rate-determining step.

We then conducted competitive experiments to compare
the reactivity of the borane adduct 1f with other substrates
(Scheme 3, b). Thus, the reaction 1f with PhI=NTs in neat
tetralin, which is a common substrate for nitrene insertion,
led to the products of amination of B-H and C-H bonds in a
1:1 ratio. Considering the ratio of the starting borane and
tetralin (1:73) and the number of potentially reactive hy-
drogen atoms, B-H bond in 1f appears to be ca. 150 times
more reactive than the benzylic C-H bond. Similarly, the
competitive reaction of 1f with PhI=NTs in the presence of
triethylsilane revealed that B-H bond is at least 50 times
more reactive than Si-H bond.

Scheme 3. Mechanistic studies.
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These data suggest that the reaction follows the classical
mechanism, similar to the one proposed for the well-
studied C-H insertion reactions (Scheme 3, c).2* Initially,
amide reacts with PhIO to form the imino-iodane. We as-
sume this to be the rate-determining step, based on the
low kinetic isotopic effect and the fact that the reaction
proceeds almost immediately if the preformed PhI=NTs
nitrene precursor was employed. Next, the imino-iodane
forms dirhodium singlet nitrene species, which then reacts
with nucleophilic borane in a concerted fashion.

We investigated further transformation of the synthe-
sized amidoboranes (Scheme 4). The electrophilic fluorina-
tion?5 of 2f with Selectfluor unexpectedly led to the cleav-
age of B-N bond and formation of the difluoride 4a.2¢ Simi-
larly the reaction of 2f with HFIP in the presence of the
catalytic amount of [Cp'RhClz]2 gave the dialkoxy-
substituted product 4b. Both 4a and 4b can be synthesized

4
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in even higher yields from the starting borane 1f. We also
tried to react 2f with a simple carbene source such as
ethyldiazoacetate in the presence of [Cu(MeCN)4]PFs.
However, despite of the large excess of the diazo com-
pound (5 equiv.) the conversion of 2f was relatively low,
and we could not isolate the pure insertion product. Ap-
parently, the amidoboranes 2 are much weaker hydride
donors than the starting borane 1f. At the same time, B-N
bond in these compounds is rather labile, so it is easily
cleaved in further transformations. In order to get more
insight on the stability of 2f we heated it at 100 °C in dry
toluene for 3 days. The formation of at least 5 different
decomposition products was observed by 'H and !B, but
2f still remained the major component in the mixture.

Scheme 4. Reactions of amidoboranes.
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Asymmetric Insertion. The cyclic amidoboranes 2 ob-
tained in this work contain a stereogenic boron atom with
four different substituents. While chiral stereogenic boron
compounds sporadically appeared in the literature, the
protocols for their synthesis were unknown until very re-
cently.2728 In particular, Yu and Song et al. proposed an
elegant approach for the construction of enantiomerically
pure boron compounds via asymmetric insertion of car-
bene into 2-arylpyridine boranes 1.22° Therefore we as-
sumed that similar nitrene insertion can afford the chiral
amidoboranes.

We have strategically chosen the dimethyl-substituted
prochiral borane 1g (Scheme 5) as a starting material over
the unsubstituted 1f for two reasons. Firstly, two methyl
groups make the benzene ring sterically more different
from the pyridine ring, which was expected to provide bet-
ter asymmetric induction. Secondly, ortho-substituent can
prevent potential racemization of the stereogenic boron
center via the dissociation of B-N bond and the rotation of
BHNHTSs group. With our preliminary DFT calculations we
expected the insertion product 2f to have racemization
barrier close to 25 kcal mol-!, which is 3-9 kcal mol-! lower
than the arylpyridine borane derivatives reported previ-
ously.30

Since rhodium carboxylates were shown to be the most
effective catalysts for the nitrene B-H insertion, we pro-
ceeded with the screening of different chiral paddlewheel
Rh(ILII) complexes. To our surprise, among 12 tested cata-
lysts, only one, namely Rhz[(S)-NTTL]4, gave the insertion
product 2ga with notable enantioselectivity 62:38 er
(Scheme 5).

Scheme 5. Initial attempts for asymmetric insertion.
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We continued catalyst screening by varying the substit-
uents in the naphthalimide core of the NTTL ligand (Table
2). Previously Davies group has demonstrated that rhodi-
um complexes with bromo-substituted TPCP ligand can be
easily modified by the classic Suzuki-Miyaura reaction.??
We expanded this approach for NTTL complexes. Thus,
fourfold cross-coupling reactions between Rh:[(S)-4-Br-
NTTL]+ and various boronic acids gave a series of aryl-
substituted Rhz[(S)-4-Ar-NTTL]4+ complexes in good yields
(see SI). Among those, simple phenyl-substituted catalyst
Rhz[(5)-4-Ph-NTTL]s+ was found to be the most effective
and gave the desired insertion product 2ga with 67:33 er
(Table 2, entry 3). Subsequent optimization of the reaction
conditions, specifically lowering the temperature to =30 °C
and changing the solvent to chlorobenzene, allowed us to
synthesize 2ga in 91% yield and decent 82:18 er (entry 7).

In attempt to enhance enantioselectivity we decided to
replace rhodium carboxylates with their ruthenium ana-
logs [Ruz(OOCR)4]X. Recently, Matsunaga group has shown
that these complexes can outperform classic rhodium car-
boxylates in terms of robustness and stereoselectivity.31.32
We explored the catalytic activity of several ruthenium
carboxylates bearing NTTL-ligands and found that they
reacted slower than rhodium analogs, but somewhat more
selectively (Table 2, entries 8-10). It is interesting to note
that there is no direct succession of the substituent effects
in the NTTL core upon the transition from rhodium to ru-
thenium complexes. For instance, 4-phenyl-substituted
rhodium complex showed the highest enantioselectivity,
which was not the case for diruthenium analogs. We then
briefly investigated the role of the counter-ion X in
[Ruz(OOCR)4]X complexes, since Davies et al. recently have
shown that such a replacement may significantly influence
selectivity.33 However, in our case changing X from BArF to
Cl, N3, or NOs3 had only little effect (Table 2, entries 11-13).
On the other hand, further optimizations of reaction tem-
perature and solvent allowed us to obtain the target am-
idoborane 2ga in 81% yield and with 83:17 er using sim-
ple [Ruz((S)-NTTL)4]Cl catalyst (Table 2, entry 14).

We then explored the substituent effects in the phenyl
ring of phenylpyridine boranes 1g-j on the enantioselectiv-
ity (Scheme 6). In contrast to our expectation, the intro-
duction of bulky ‘Bu group in ortho-position to the boron
atom (2ab) had no positive effect on selectivity and only
decreased the overall yield, apparently, because of the ex-
cessive steric repulsion. We were also surprised to see that
the unsubstituted borane 1f undergoes nitrene insertion
with decent enantioselectivity, giving the product R-Z2m
with 83:17 er. Both phenyl and bromo-substituted boranes
were converted into the target products with good enanti-
oselectivities 91:9 er.

5
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Table 2.

Catalyst screening for asymmetric B-H insertion reaction.

Me PhIO (1.2 equiv.) Me
= TcesNH, (1.2 equiv.) =
Y Rh(IL11) or (1 mol%) N IEI Y
M /B< DCM (0.05 M), RT, 30 min M (B:
H H H  NHTces
19 2ga
entry catalyst yield, %2 erb entry catalyst yield, %2 erb
1 Rhz[(S)-NTTL]4 85 62:38 8 Ruz[(S)-NTTL]+BArF 71 70:30
2 Rh2[(S)-4-Br-NTTL]4 78 59:41 9 Ruz[(S5)-4-Br-NTTL]4BArF 60 68:32
3 Rh2[(S)-4-Ph-NTTL]4 77 67:33 10 Ruz[(S)-4-Ph-NTTL]+BArF 44 60:40
4 Rhz[(S)-4-PhPh-NTTL]4 69 66:34 11 Ruz[(S)-NTTL]4Ns 69 71:29
5 Rh2[(S)-4-Np-NTTL]4 64 65:35 12 Ruz[(S)-NTTL]4NO3 63 72:28
6 Rh2[(S)-4-ArF-NTTL]4 71 55:45 13 Ruz[(S)-NTTL]4Cl 63 72:28
7 Rhz[(S)-4-Ph-NTTL]4¢ 91 82:18 14 Ruz[(S)-NTTL]4Cld 81 83:17

aIsolated yields are given.® Determined by chiral HPLC. ¢ PhCl as a solvent, -30 °C for 24 hours. ¢0-DCB as a solvent, +4 °C

for 6 hours.

)

Rh,[(S)-4-PhPh-NTTL]4

C
R=
4 i

CF,
R = Br, Rhy[(S)-4-Br-NTTL, .
R = Ph, Rhy[(S)-4-Ph-NTTL], RN2l(S)-4-Ar-NTTL]4

Fs

Finally, we explored the asymmetric insertion of differ-
ent nitrenes into the bromo-substituted borane 1j using
[Ruz((S)-NTTL)4]Cl catalyst (Scheme 7). Two factors were
found to be necessary to achieve high yield and stereose-
lectivity under the optimized conditions: 1) high electro-
philicity of the nitrene species (for high yields), and 2) the
presence of -OCHz- moiety next to the sulfur (for high ste-
reoselectivity). Thus, electron-deficient sulfamates, such as
CF3CH20S02NH2, C3F7CH20SO2NH2, and CsFsCH20S0O2NH>,
which were previously found to be effective nitrene pre-
cursors,?+35 gave the desired products 2jb-jd in 60-70%
yields with about 90:10 er. Other sulfamates and sulfona-
mides gave amidoborane products 2je-jg with much lower
enantioselectivity. In particular, electron-deficient hex-
afluoroisopropyl sulfamate gave almost racemic product
2jf, indicating the importance of the -OCHz- group. We also
investigated the catalytic activity of the rhodium complex
Rh2[(S)-4-Ph-NTTL]4, but it gave products 2ja-je with gen-
erally lower selectivity.

The absolute configuration of the boron stereocenter (R)
was established by X-ray diffraction analysis of the product
2jd. Surprisingly, the crystal unit cell contains two inde-
pendent molecules, the one being R-enantiomer and the
other being the superposition of R- and S-enantiomers
with 77% and 23% contributions, respectively. Thus, the
overall enantiomeric purity of the crystalline sample close-

Rhy[(S)-4-Np-NTTL],4 CO
R

4 4
R = H, Ru,[(S)-NTTL],BAr" X = N3, Rup[(S)-NTTL]4N3

R = Br, Ruy[(S)-4-Br-NTTL];BArF X = NOg, Ru,[(S)-NTTL],NO;
R = Ph, Rup[(S)-4-Ph-NTTL]BArF X = Ch RUI(S)]NTTLICI

ly corresponds to the enantiomeric excess measured in
solution by chiral HPLC.
Scheme 6. Scope of 2-phenylpyridines.
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Scheme 7. Scope of the nitrene insertion products.
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Conditions B: Rh[(S)-4-Ph-NTTL], (1 mol%), PhCI (0.05 M), -30 °C
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Conclusions. The initial goal of this project was to ex-
plore the reactivity of classical nitrene species with non-
classical substrates. Interestingly, the least active C-H
bonds are in fact the most studied in nitrene insertion re-
actions. Undoubtedly, catalytic amination of hydrocarbons
is a valuable tool in organic synthesis, but why are more
reactive boranes have not been tested? This question
haunted our mind for quite some time, because, from a
fundamental viewpoint, nothing should interfere with the
existence of such a reaction. As we began our project on B-
H nitrene insertion reactions, we quickly realized the main
problem was not the reactivity, but the stability of the
products. After adjusting the surroundings of the boron
center, we found the cyclic arylpyridine boranes to be the
most suitable substrates. As a result of these studies, the
first method for the catalytic insertion of nitrenes into B-H
bonds was developed.

Since the resulting cyclic amidoboranes contained a ste-
reogenic boron center, we decided to explore an enantiose-
lective version of this reaction. The only thing to be done
was to find a proper chiral catalyst. This looked like a ra-

ther simple task, since many different rhodium carbox-
ylates were introduced since the pioneering works of Da-
vies and Doyle.3%37 How wrong we were here. Only
M2[NTTL]4X (M = Rh or Ru) phthalimide carboxylates were
found to be effective in terms of stereoselectivity, allowing
for the synthesis of chiral-at-boron products with er up to
91:9. Thanks to the exceptionally high stability of dirhodi-
um and diruthenium cores, the structures of the catalysts
can be tuned by the cross-coupling reactions of the pre-
formed bromo-substituted complexes M[(S)-4-Br-NTTL]a.
This approach can certainly be useful for post-modification
of other carboxylate complexes. The reasons why only
NTTL-bearing catalysts provide reasonable enantioselec-
tivity for nitrene insertion into B-H bonds remain unclear.
It is well known that dirhodium(ILII) carboxylates have
exceptionally high conformational flexibility. While X-ray
analysis of crystals has been previously considered to be
helpful for rationalization of the observed selectivity, today
it has become clear that one must have information about
the three-dimensional shape of the catalyst in solution.383°
Significant progress has been made to address this issue in
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the recent works of Davies and Sigman groups.#°-43 How-
ever, the proposed descriptor models are still unintuitive
and computationally expensive.

Following Matsunaga et al.3! we confirmed that rutheni-
um carboxylates can be used as a more selective alterna-
tives for the classic rhodium analogs despite their signifi-
cantly lower catalytic activity. The exceedingly high reac-
tivity of dirhodium paddlewheel complexes allows one to
replace them with less active analogs and still carry out
reactions under mild conditions.

We believe that the proposed method for nitrene inser-
tion in B-H bonds will be useful for the synthesis of new
organoboron compounds, which can find application in
material chemistry and biochemistry. Further efforts may
be focused on the improvement of thermal and chemical
stability of the resulting amidoboranes. However, the
products obtained in this study are already stable enough
to be studied in the context of various applications.

ASSOCIATED CONTENT

Experimental procedures, mechanistic experiments, NMR
spectra, HPLC traces, and crystallographic data can be found
in the Supporting Information.
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