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Introduction

The investigation of the steric hindrance of
anilines by means of reactions with PCl; and BCls¥

Vlastimil Némec, Maksim A. Samsonov, Zderika Ruzi¢kova, Jan Vrana "2 * and
Ales Ruzicka

Sterically crowded ligands form an integral part of contemporary coordination chemistry. The most
common ones include bulky anilines, which are well accessible and modifiable. Ever increasing require-
ments to primary amines’ steric protection leads to reaching the limits of amino-group shielding. In this
work, the dissymmetrical aniline ArtBY-NH, (1) (Art"BY = 2-C(4-t-Bu-CgH4)3-4-Me-6-(CHPh,)-CgHs) is
designed and synthesized. Its shielding properties have been evaluated both theoretically and experi-
mentally by the reaction with phosphorus trichloride and a base, giving monomeric chloro(imino)phos-
phine Art"BY-N=PCl (3). The same reactivity of extremely bulky anilines Ar"-NH, and ArMe-NH, (Ar" =
2,6-[C(Me)Ph,l,-CeHs; ArMe = 2,6-[C(Me)(3,5-Me,-CgHs)slo-CeHs) was tested. The products [2,6-R,-4-
PCl,-CgHol-NH, (4", 4Me) of C—H activation bearing NH, and PCl, groups simultaneously on the oppo-
site sides of the central phenyl ring have been isolated alongside the desired products Ar'-NH-PCl,
(5") and ArMe-NH-PCl, (5M¢). Subsequent theoretical and experimental investigation has revealed that
the electrophilic substitution by phosphorus trichloride is preferred over the reaction with the sterically
encumbered anilide. When the reactions with phosphorus(il) compounds were conducted under
forcing conditions, it was possible to isolate several imidophosphines, namely Art'-N=PNMe, (8") and
ArMe-N=PNMe, (8"M), but the steric shielding did not enable direct conversion to the chloro(imino)
phosphines ArH-N=PCl (9") and ArMe-N=PCl (9M*). For another comparison of steric hindrance, the
reactions of Ar'-NH,, ArM®-NH, and Ar*"BY-NH, with BCl; and BH3 have been carried out. Regardless
of the fact that symmetrical anilines with bulkier substituents have given mixtures of unidentified pro-
ducts, the reactions of dissymmetrical aniline yielded the dichloroamidoborane Art™B“-NHBCl, (10) and
Art"BY_NHBH, (12) as the first evidence of a terminal NHBH, group. The substituents in aniline 1 shield
the amine group sufficiently, maintaining space for both the synthesis of amides and their subsequent
reactivity.

can adopt some properties of transition metals and thus

The kinetic stabilization of the reactive metal centers in terms
of ligand exchange or oxidation/reduction plays an important
role in many branches of coordination and organometallic
chemistry." Sterically demanding ligands have accessed new
classes of compounds, for example, in main-group chemistry
by introducing compounds in unusual oxidation states, which
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are active in homogeneous catalysis or small-molecule
activation.> A considerable part of the sterically crowded
ligands is based on anilines because of their accessibility and
modifiability. Their steric and electronic properties can be
easily tuned by the substituents at the ortho-positions, which
can be both aliphatic (Scheme 1A and B) and aromatic
(Scheme 1C). These anilines had been prepared years before
their potential in coordination chemistry was fully exploited.®®
Their steric protection was crucial for the synthesis of many
reactive multiply bonded moieties. The heavier analogues of
imidazolium salts were supported by the supermesityl group
(Mes* = 2,4,6-t-Buz-CeH,).”'° The benzhydryl-substituted
aniline (Scheme 1B) enabled, for example, the synthesis of
chloropnictenium ions.'* The most suitable aniline for the
stabilization of reactive multiple bonds, which was pioneered
by the group of Prof. Power, bears a bulky m-terphenyl group
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Scheme 1 An overview of sterically demanding anilines and their
buried volumes (sphere with a radius of 3.5 A and nitrogen centre) in
blue [%]. Bn = benzyl, Mes = 2,4,6-trimethylphenyl, Tipp = 2,4,6-tri-iso-
propylphenyl.

(Scheme 1C)."™** The ideal orientation of the mesityl groups
facilitated the isolation of many imides of groups 13-15, for
instance, two-coordinate gallium(m), indium(m), some tran-
sition-metal imides and dimeric heavier analogs of isonitriles.
Moreover, the shielding of the terphenyl group enabled the
synthesis of many stable radical, biradical and biradicaloid
species.’”?® The research into novel aniline backbones is still
proceeding, as evidenced by the recent synthesis of a two-coor-
dinate phosphinidene oxide, which remains stable at ambient
temperature when supported by a sterically hindered m-terphe-
nyl (Scheme 1D).”® Beckmann has recently published the first
stable nitrene derived from a bulky aniline containing fluore-
nyl-protecting groups (Scheme 1E).”” In 2021, our work group
published the most sterically hindered anilines (Scheme 1F)*®
considering their buried volumes in proximal space, ie. the
percentage of the volume of a sphere centered around the
shielded atom with a radius of 3.5 A, which was occupied by
the aryl backbone. There was not much space left for reactivity.
Therefore, we continued with the synthesis of a dissymmetrical
substituted 2-benzhydryl-4-methyl-6-(1,1-diphenyl-2-pheny-
lethyl)aniline (Scheme 1G, Ar®"-NH,),>® which proved that a
proper combination of steric parameters could provide shield-
ing of the reactive center while maintaining space for reactiv-
ity. However, its synthesis has been time-consuming and low-
yielding, and could not be upscaled.

The steric parameters of amines can be evaluated based on
their chemical properties. For example, chloro(imino)phos-
phines are ideal reactivity targets. Depending on the shielding
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Scheme 2 Examples of chloro(imino)phosphines and their dimers and
trimers. Dipp = 2,6-di-iso-propylphenyl, Dmp = 2,6-dimethylphenyl,
Mes* = 2,4,6-tri-tert-butylphenyl.
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Scheme 3 An overview of the sterically demanding anilines Ar*-NH,
(X = terminal group of tertiary ortho-substituents) used in this work and
their buried volumes (sphere with a radius of 3.5 A and nitrogen centre)
in blue [%].28

of the organic group, they form dimeric or trimeric units
(Scheme 2A and B), because the trivalent phosphorus atom in
the formal N=P double bond is prone to share its electron
density in sp® hybridized orbitals.>**' Substantial steric pro-
tection is required for the stabilization of the monomeric
chloro(imino)phosphines (Scheme 2C). So far, only Mes*,’
Ar® and the above-mentioned extremely bulky m-terphenyl
have been able to provide it.>>*° As published earlier, neither
benzhydryl- nor mesityl-substituted anilines were able to
prevent the dimerization.

This work presents the synthesis of a novel dissymmetrical
aniline (Scheme 3), which is expected to have the ideal steric
parameters for the stabilization of reactive amides. It also
demonstrates its subsequent reactivity in contrast to the most
sterically crowded anilines.

Results and discussion

The four-step process that we have designed begins with the
reduction of methyl 2-amino-5-methylbenzoate with a
Grignard reagent and methylation of the new hydroxy group
(Scheme 4). Step three is performed by non-catalyzed C-C
coupling, resembling the reaction that has facilitated the syn-
thesis of the most sterically demanding anilines.”® The only
difference is the change of the solvent from THF to toluene.
During the optimization of the reaction conditions, we found
out that the presence of the excess THF lowers the yield. We

This journal is © The Royal Society of Chemistry 2025
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Scheme 4 The synthesis of ArfBY-NH, (1). (i) 4-t-Bu-CgH4MgBr; (ii)

NH4CL; (iii) CH(OMe)3/H,SOy; (iv) 4-t-Bu-CgHsMgBr; (v) NH4CL; and (vi)
Ph,CH(OH)/ZnCl,/HCL

tested other solvents such as Et,0, CPME and 2-Me-THF with
the same result. The last step is Friedel-Crafts alkylation,
which requires heating to 180 °C because of the high melting
point of the parent aniline. The whole procedure can be com-
pleted smoothly within two weeks on a multigram scale,
achieving an overall yield of 15%. In order to evaluate the
steric properties of aniline 1 (Ar*®"-NH,), we calculated its
buried volume (60.9%), which can be compared with those of
the anilines Ar'™-NH, and Ar™¢-NH, as well as the above-men-
tioned fluorenyl-substituted aniline (Scheme 1E and F;
61.5-64.4%) despite the ‘small’ benzhydryl group (for more
information, see the ESI). The efficiency of the shielding pro-
vided by the substituted trityl group is clearly illustrated in the
steric map of 1 (Fig. 1). The buried volumes of 1, Ar-NH, and
Ar™°-NH, decrease with increasing spherical radius from 2.5 to
6.0 A (Fig. $451), which is consistent with the fact that the ter-
tiary organic groups provide the most efficient shielding to the
nitrogen atom preventing potential oligomerizations. This is
in contrast with anilines bearing terphenyl groups, which have
lower buried volume in the region close to the nitrogen atom
but provide better long-range shielding owing to their
geometry.*”

The molecular structure of Ar*®"-NH, (1) has revealed no
intermolecular contacts between the amino groups (Fig. 1).
Both shielding groups exhibit a similar orientation relative to
the corresponding symmetrical anilines.”® The "H and 'C
NMR spectra of 1 and its precursors strongly resemble those of
previously published sterically demanding anilines prepared
by uncatalyzed C-C coupling.

The reaction of 1 with an excess of PCl; and triethylamine
smoothly yields chloro(imino)phosphine 3 within one day
(Scheme 5). Intermediate 2 (observed in the 'H and *'P NMR
spectra) can be prepared directly by reacting 1 with n-BuLi and
subsequently with PCl;, or alternatively with a mixture of pyri-
dine and PCl;.

In contrast, the anilines Ar-NH, and Ar™*-NH, (Scheme 1)
fail to react with a mixture of PCl; and a base (triethylamine,
DBU or pyridine) even at elevated temperatures and with an
excess of the base. Therefore, the parent anilines were reacted
with »n-BuLi and subsequently with PCl; (Scheme 6).
Surprisingly, this resulted in a mixture of the para-substituted
anilines 4" and 4™ alongside the desired products 5™ and 5™¢

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The molecular structure (above) and the steric map>® (below) of
1. An ORTEP diagram, 40% probability level. The shielding groups are
displayed as wireframes for clarity. Selected interatomic distances [A]
and angles [°]: C1-N1 1.4031(19), C2-C7 1.5561(18), C7-C28 1.546(2),
C6-C39 1.5295(19), C39-C40 1.531(2).
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Scheme 5 The reactivity of the dissymmetrical aniline 1.

in a ratio of approximately 9: 1, as determined by the "H NMR
spectra. Neither the optimization of the reaction conditions
nor the use of various deprotonation agents (n-BuLi, LDA,
MeMgBr, Me,Mg, NaNH,, LiHMDS, NaphNa, BnK, KCg, or a
mixture of n-BuLi and TMEDA) shifted the ratio in favor of the
amidophosphines 5™ and 5™, which were instead synthesized
using an alternative approach (see Scheme 7). To the best of
our knowledge, this is the first reported example of such C-H

Dalton Trans., 2025, 54, 1845-11856 | 11847
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Scheme 6 The deprotonation of symmetrical anilines and subsequent
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Scheme 7 The reactivity of symmetrical anilines. (i) (Me,N),PCL; (ii)

PClz/HCL; and (iii) EtsN.

activation in an anilide to date. This appears to be a conse-
quence of the steric shielding around the central amino group.
The only example of a similar C-H substitution was performed
at tertiary N,N-dimethylaniline, where overnight heating at
115 °C and the presence of pyridine were necessary.>* In order
to shed further light on the mechanism of the C-H activation,
we considered several reaction pathways for the starting
aniline Ar™*-NH,. First, we excluded the possibility of deproto-
nation of the C-H group by n-BuLi or the anilide Ar™*-NHLi,
which is most likely formed in the first step. This was experi-
mentally confirmed by quenching the reaction mixture with
D,0, which revealed a decrease exclusively in the integral
intensity of the NH, group in the "H NMR spectrum, while no
reduction in the p-C-H signal was observed, even after
repeated deprotonation and quenching. The DFT calculations
support both possible ways (see Fig. S467). The lithiation of
the NH, group is more thermodynamically preferable (AG, =
—44.96 kcal mol™") compared to the para-position (AG, =
—-19.25 kecal mol™"). The anilide Ar™*-NHLi is unexpectedly
labile, decomposing slowly even in non-coordinating solvents.
However, the addition of a base (Et,O, THF, and TMEDA) sig-
nificantly accelerates this decomposition. The subsequent
reaction with phosphorus trichloride can then proceed as a

11848 | Dalton Trans., 2025, 54, 11845-11856
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conversion with the anilide group, which has been observed
numerous times in the literature,>>*® or electrophilic substi-
tution at the para-position. The DFT-estimated Gibbs free ener-
gies of both reactions are comparable (-25.62 (4“€) and
-22.10 (5™€) keal mol™"). The theoretical mechanism of the
conversion (Fig. S4771) proceeds without thermodynamic bar-
riers. In contrast, the activation energy for the attack at the
para-position is 12.53 kecal mol™" (TS-1) (Fig. S4871). The elec-
trophilic substitution starts with the formation of a
Menshutkin-type complex®” of phosphorus trichloride fol-
lowed by coordination to the para-position, eliminating
hydrogen chloride in the end. Despite the thermodynamic
barrier, this is the preferred reaction pathway due to the
steric factors. To prove this experimentally, we conducted the
reaction with Ph,PCI (Scheme 6), which yields exclusively 6™
as the product of para-substitution. We also tested the reac-
tions of Ar™®-NH, and Ar™-NHLi with MeOTf and MeNTf,.
The reactions with the parent aniline do not proceed even
with an excess of the methylating agents at elevated tempera-
ture. However, the anilide reacted with MeOTf yielding Ar™e-
N(H)Me (7™¢) because the lithium atom could be removed
smoothly by the triflate unlike the hydrogen atom in the
aniline Ar™®-NH,. In contrast, the reaction of the anilide
ArME-NHLi with the sterically more crowded bis(triflimide)
did not proceed most probably because of the steric shielding
of the ortho-substituents.

The dichlorophosphines 4™ and 4™¢ are the first com-
pounds simultaneously bearing the groups PCl, and NH,,
which would normally undergo spontaneous condensation
with the elimination of hydrogen chloride. This is prevented
by the steric protection of the ortho-substituents. The phos-
phines 4", 4™, 57 and 5™ exhibit distinct differences in their
NMR spectra. The replacement of the hydrogen atom by the
PCl, group in 4" and 4™° is reflected in both the 'H NMR
spectra (by the absence of the para-H signal) and the “*C{'H}
NMR spectra (through the high coupling constant 'J(**C, *'P)
= 36.8 Hz). Compounds 2, 5™ and 5™° exhibited the expected
downfield-shifted NH signals at 4.22 (2), 4.81 (5") and 5.37
(5™€) ppm. There are only negligible differences between the
chemical shifts of the prepared dichlorophosphines in the *'P
NMR spectra (2: 5(*'P) = 157 ppm; 4%/5™: §(*'P) = 167/
160 ppm; 4™¢/5M: 5(°*'P) = 168/162 ppm). These values are
comparable to those of analogous published compounds, such
as 4-PCl,-C¢H,-NMe, (5(*'P) = 165 ppm)** and Dipp-N(H)PCl,
(6(**P) = 155 ppm).>® The signal of chloro(imino)phosphine 3
(6C'P) = 124 ppm) is slightly upfield-shifted compared to
Mes*-N=PCl and Ar®"-N=PCl (5(*'P) = 136 and 137 ppm,
respectively).>?>

The molecular structures of 2, 4™ and 5" were confirmed by
X-ray diffraction analysis (Fig. 2-4). The molecular structures
of Ar*®“-NHPCl, (2) and Ar"-NHPCl, (5") (Fig. 2 and 3)
revealed significant differences in the orientation of the
NHPCI, group (Fig. 3). In both cases, the geometry around the
phosphorus atom is best described as a distorted trigonal
pyramid, with different orientations of the N1-Cl1-CI2 plane
relative to the central ring of the aniline backbone (2: 30.87°%;

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The molecular structure of 2. An ORTEP diagram, 40% prob-
ability level. The shielding groups are displayed as wireframes for clarity.
Selected interatomic distances [A] and angles [°]: C1-N1 1.444(3), N1-P1
1.6481(19), P1-Cl1 2.0500(9), P1-Cl2 2.1072(9), C1-N1-P1 120.41(15),
N1-P1-Cl1 100.84(7), N1-P1-CI2 105.53(7), Cl1-P1-CI2 95.35(4).

Fig. 3 The molecular structure of 5" (above). An ORTEP diagram, 40%
probability level. Selected interatomic distances [A] and angles [°]: C1-
N1 1.427(2), N1-P1 1.6628(13), P1-Cl1 2.1321(6), P1-Cl2 2.0565(6), C1-
N1-P1 126.88(11), N1-P1-Cl1 105.16(5), N1-P1-Cl2 95.85(5), Cl1-P1-
Cl2 97.62(3). The overlapping molecular structures (below) of 2 (orange)
and 5" (blue). The ortho-substituents have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The molecular structure of 4™. An ORTEP diagram, 40% prob-
ability level. The shielding groups are displayed as wireframes for clarity.
Selected interatomic distances [A] and angles [°]: C4—-N1 1.368(2), C1-P1
1.792(2), P1-Cl1 2.0694(6), P1-Cl2 2.0706(6), C1-P1-Cl1 103.24(5), C1-
P1-CI2 101.14(5), Cl1-P1-CI2 97.73(2).

5" 85.81°). The difference is most likely a consequence of the
high steric repulsion of the trityl group in 2, where one of the
chlorine atoms is oriented directly between two of the aro-
matic rings. This is also evident from the values observed in
the structures of analogous compounds bearing anilines with
lower buried volumes (Dipp-NHPCl,: 40.62°; 2,6-Mes,-CcH;-
NHPCl,: 47.12°).>>3¢ The shielding of the amino group in 4"
is further demonstrated by the absence of any intermolecular
interactions with the chlorine atoms.

The molecular structure of 4™ (Fig. 4) has revealed no inter-
molecular interactions between the NH, and PCl, groups,
which reflects the steric shielding of the tertiary organic
groups. The geometry around the phosphorus atom is best
described as a slightly distorted trigonal pyramidal structure
resembling that of other similar compounds, such as 2,6-
Mes,-CcH;-PCl,.%8

In order to avoid deprotonation by strong nucleophiles, we
treated the anilines Ar"-NH, and Ar™*-NH, with phosphorus
amides ((Me,N);P, (Me,N),PCl and Me,NPCl,). Using an
excess of (Me,N),PCl and high temperature (160 °C) yielded
the corresponding imides 8" and 8™ (Scheme 7), whereas the
other reagents left the anilines intact. Their molecular struc-
tures were confirmed by X-ray diffraction analysis (see the
ESI}) in the solid state and by multinuclear NMR spectroscopy.
For example, 5(*'P) = 266 (8") and 271 (8"¢) ppm were nearly
identical to 6(*'P) = 268 ppm for Mes*-N=PN(i-Pr),.>* The
desired chloro(imino)phosphine was prepared by reacting 8"
and 8™¢ with one equivalent of hydrogen chloride, which
yielded a mixture of the corresponding anilines Ar*-NH,(Ar™*-
NH,), 8" (8™), 5" (5™¢), and Ar"-N(H)P(CI)NMe, (as deter-
mined from 'H and *'P NMR spectra). Since some phosphorus
(m) amides can undergo ligand-scrambling reactions (for
instance, the synthesis of the above-mentioned amides from
(Me,N);P and PCl;),*® the same reaction was performed in the
presence of excess PCl; to yield compounds 5% and 5™
Subsequent treatment with triethylamine surprisingly led to
the establishment of an equilibrium between 5 (5™€) and 9"
(9™€), which could not be shifted by an excess of the base, a

Dalton Trans., 2025, 54, 1845-11856 | 11849
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change of solvent, or variation in temperature. A similar situ-
ation was observed in the synthesis of chloro(imino)phosphine
derived from bulky m-terphenyl aniline (Scheme 1E).>
Consequently, mixtures of 57 (5™), 9" (9™) and triethyl-
ammonium chloride were consistently obtained. The *'P NMR
shifts of 9" and 9™° (5(*'P) = 128 and 129 ppm, respectively)
were nearly identical to that of 3.

The molecular structures of 87, 8", 9™ and 9™° (Fig. 5 and
6) confirmed the presence of a phosphorus-nitrogen multiple
bond. The P-N separations (8", 8%¢: 1.545(2)-1.557(2) A, 9",
9Me: 1.414(2)-1.485(2) A) were significantly shortened in the
case of compounds 9" and 9™¢, which corresponds to the sum
of covalent radii for a triple bond (Xr..,(P=N) = 1.48 A)."" This
is most likely caused by the inductive effect of the chlorine
atom, which polarizes the P-N bond. The polarization is
weaker in 8% and 8™, but the bond lengths still lie between
the sums of covalent radii for double and triple bonds
(Zreo(P=N) = 1.62 A). Similar interatomic distances have been
observed in analogous compounds, for example, in Mes*-
N=PNMe, (1.539(3) A)*® and Mes*-N=PCl (1.508(4) A).° In 8"
and 8™, the NMe, group adopts the anti-position relative to
the central ring (both arrangements are documented in the lit-
erature).”” The chlorine atom in 9" and 9™° occupies the syn-

Fig. 5 The molecular structures of 8" (above) and 8M¢ (below). An
ORTEP diagram, 40% probability level. The shielding groups are dis-
played as wireframes for clarity. Selected interatomic distances [A] and
angles [°]: 8": C1-N1 1.401(2), N1-P1 1.5562(16), P1~N2 1.6502(19), C1-
N1-P1 125.67(12), N1-P1-N2 104.34(9); 8Me: C1-N1 1.399(3), N1-P1
1.545(2), P1-N2 1.653(3), C1-N1-P1 129.54(17), N1-P1-N2 104.86(12).
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Fig. 6 The molecular structures of 9" (above) and 9M¢ (below). An
ORTEP diagram, 40% probability level. The shielding groups are dis-
played as wireframes for clarity. Selected interatomic distances [A]l and
angles [°]: 9": C1-N1 1.41(3), N1-P1 1.414(19), P1-Cl1 1.892(9), C1-N1-
P1 170.9(17), N1-P1-Cl1 121.9(8); 9M: C1-N1 1.394(3), N1-P1 1.485(2),
P1-Cl12.1618(8), C1-N1-P1 174.1(2), N1-P1-Cl1 114.23(8).

position, similar to other published
chloroiminophosphines.®?®*® The most striking difference
between the chloroiminophosphines 9" and 9™¢ and the pub-
lished compounds is the C-N-P angle, which is significantly
wider (170.9(17)° for 9" and 174.1(2)° for 9™, compared to
141.1(2)-147.1(2)° for the published phosphines). This is most
likely caused by the higher steric repulsion of the aniline
backbone.

The presented results clearly demonstrate that the dissym-
metrical aniline 1 can shield the reactive P=N double bond
more efficiently than symmetrical anilines. Consequently, we
decided to react it with boron compounds to investigate
whether it could stabilize Lewis-acidic boron amides in their
monomeric form. The reaction with BCl; produced a
1:1 mixture of the aminoborane Ar"®"-NHBCI, (10) and the
corresponding anilinium salt Ar*®"-NH;CI (Scheme 8). Due to
their very similar solubility, compound 10 was instead pre-
pared directly through the reaction of n-Buli and BCl;. The
reactions of primary amines with BCl; typically proceed via
condensation,*** yielding trimeric borazines (RNBCl);. The
intermediate RNHBCl, has been observed by ''B NMR
spectroscopy;*®*” however, to the best of our knowledge, it has
never been fully characterized.

This journal is © The Royal Society of Chemistry 2025
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Scheme 8 The reactivity of aniline 1 with BClz, BH3-THF and B,He. (i) 1.
n-Buli, 2. BCl; (i) BCls; (iii) BHs-THF; and (iv) BnCl, BusNBH,.

The "B NMR shift (§(*'B) = 32.3 ppm) of the BCl, group in
10 is similar to those observed in other structurally character-
ized monomeric amidoboranes of the type R,NBCl,. For
instance, Dmp-N(BCl,)CH=CHN(BCl,)-Dmp exhibits a shift of
5(*'B) = 31.0 ppm (ref. 48) and the mentioned intermediates of
the type RNHBCI, show shifts of 32.0 and 32.8 ppm.
Surprisingly, the reaction of the anilines Ar-NH, and Ar™-
NH, with BCl; yields complicated mixtures of products.

The N1-B1 separation (1.378(6) A) in the molecular struc-
ture of 10 (Fig. 7) is closer to the sum of the covalent radii for
a double bond (£r..,(B=N) = 1.38 A) than for a single bond
(Zreov(B-N) = 1.56 A),*® which is consistent with the strong
electron donation from nitrogen to the vacant orbital of boron.
This bond length slightly exceeds those observed in other
monomeric dichloroamides, such as Ph,NBCl,: 1379(7) A*°
and Dmp-N(BCl,)CH=CHN(BCl,)-Dmp: 1.395(2) A"%.

Following the successful synthesis of 10, we aimed to
explore an analogous synthesis of the terminal NHBH, group,
which had remained elusive to date due to its tendency to
undergo various condensation reactions.*’*> Consequently, 1
was treated with THF-BH; in hexane, which resulted in the
smooth precipitation of the Lewis adduct Ar*®"-NH,-BH; (11).
However, the dissolution of 11 led to a partial release of

Cc1 N1

B1
CI2
cn

Fig. 7 The molecular structure of 10. An ORTEP diagram, 40% prob-
ability level. The shielding groups are displayed as wireframes for clarity.
Selected interatomic distances [A] and angles [°]: C1-N1 1.432(5), N1-B1
1.378(6), B1-Cl1 1.760(5), B1-Cl2 1.761(5), C1-N1-B1 127.3(3), N1-B1-
Cl1 122.0(3), N1-B1-Cl2 119.8(3), Cl1-B1-ClI2 118.1(3).
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Fig. 8 The molecular structure of 11. An ORTEP diagram, 40% prob-
ability level. The shielding groups are displayed as wireframes for clarity.
Selected interatomic distances [A] and angles [°]: C1-N1 1.460(2), N1-B1
1.687(3), B1-C19 3.316(3), C1-N1-B1 119.3(2).

borane even at room temperature, most likely caused by the
steric repulsion with the aniline backbone. This is further sup-
ported by the molecular structure of 11 in the solid state
(Fig. 8). The separation of the N1-B1 bond is the longest
among the published complexes ArNH,-BH;, where it
decreases in length with the reduced bulk of the aryl backbone
(Ar*®" > Ar* > Dipp > Ph (1.687(3)-1.619(3) A)).>*> The same
trend has been observed for the angle C1-N1-B1 (119.2(2)-
115.03(1)°). Therefore, aniline 1 was treated with an excess of
in situ generated borane,> and the reaction mixture was
heated in a sealed tube at 90 °C. This led to the formation of
the desired compound, displaying the expected signals in both
the "H NMR (NH, §('H) = 6.11 ppm; BH,, §('H) = 5.42 ppm)
and "B NMR spectra (5(''H) = —23.5 ppm, dt, 'J(*'B, 'H) =
135.8 Hz, >J(*'B, 'H) = 40.5 Hz). However, products of borane
thermal decomposition, such as pentaborane,® were also
detected, and their similar solubility hindered the isolation of
borane 12. Nevertheless, this is the first evidence of the
NHBH, terminal group.

Experimental section
Materials and methods

All air- and moisture-sensitive manipulations were performed
under an argon atmosphere using standard Schlenk-tube tech-
niques. The solvents were dried with PureSolv-Innovative
Technology equipment under an argon atmosphere. Deuterated
benzene was sourced from Euriso-Top GmbH. Chloro-N,N-bis
(dimethylamino)phosphine was prepared according to the pub-
lished procedure.?® n-BuLi (1.6 M solution in n-hexane, Merck),
phosphorus trichloride (Abcr), hydrogen chloride (4 M solution
in CPME, Merck), hydrochloric acid (35%, Penta), magnesium
(Merck), 1-bromo-4-t-butylbenzene (Merck), methyl 2-amino-5-
methylbenzoate (Apollo Scientific), trimethyl orthoformate
(Merck), diphenylmethanol (Merck), trimethylsilyl chloride
(Merck), benzyl chloride (Merck) and n-tetrabutylammonium
borohydride (Merck) were used as received.
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Synthetic procedures

The synthesis of 1-NH,-2-[C(OH)(4-t-Bu-C¢H,),]-4-Me-CgH3.
A solution of 1-bromo-4-t-butylbenzene (81.4 g, 382 mmol) in
THF (150 mL) was added dropwise to a stirred suspension of
magnesium (10.2 g, 420 mmol) in THF (550 mL) at 0 °C. The
mixture was then gradually heated to 40 °C and stirred for one
day. Afterward, the solution was decanted and added to a solu-
tion of methyl 2-amino-5-methylbenzoate (15.8 g, 95 mmol) in
THF (300 mL) at 0 °C. The reaction mixture was stirred for one
day and then carefully quenched with a saturated solution of
NH,CL The organic phase was separated, dried over MgSO,
and filtered. The resulting yellow solution was dried in vacuo,
and the solid residue was washed with a small amount of
n-hexane, yielding 1-NH,-2-[C(OH)(4-t-Bu-C¢H,),]-4-Me-C¢H; as
a white powder. Yield: 30.75 g, 85%. Mp: 173 °C. Anal. calc. for
C,5H35NO (401.27): C 83.7, H 8.8, N 3.5; found: C 83.8, H 8.7,
N 3.5. 'H NMR (25 °C, C¢Dg, 500 MHz): § = 1.20 (s, 18H, CH}),
1.92 (s, 3H, CHj), 2.95 (s, 2H, NH,), 5.75 (s, 1H, OH), 6.21 (d,
31(*H, 'H) = 7.8 Hz, 1H, m-C¢H;), 6.77 (s, 1H, m-C¢H,), 6.81 (d,
*1(*H, 'H) = 7.8 Hz, 1H, 0-C¢Hj;), 7.24 (d, *J(*H, 'H) = 8.3 Hz,
4H, m-C¢H,), 7.54 (d, *J(*H, 'H) = 8.4 Hz, 4H, 0-CcH,) ppm. *C
{'H} NMR (25 °C, C¢Ds, 125.76 MHz): 6 = 20.4 (s, CH3), 31.1 (s,
C(CH3;)3), 34.1 (s, C(CH,);), 82.0 (s, COH), 119.5 (s, m-C¢Hj),
124.9 (s, m-C¢Hy), 127.9 (s, 0-CeH,), 128.5 (s, 0-CsHj), 128.8 (s,
0-C¢H3), 130.4 (s, m-C¢Hj), 134.9 (s, ipso-C¢Hj), 141.4 (s, m-
CeH3), 143.9 (s, ipso-CeH,), 149.5 (s, p-C¢H,4) ppm.

The synthesis of 1-NH,-2-{C(OMe)(4-t-Bu-CsH,),]-4-Me-C¢H3.
Sulfuric acid (15.1 mL, 268 mmol, 96%) was added dropwise
to a solution of trimethyl orthoformate (135 mL, 1.23 mol)
and  1-NH,-2-[C(OH)(4--Bu-C¢H,),]-4-Me-C¢H;  (30.8 g,
76.6 mmol) in a 1:1 mixture of dichloromethane and metha-
nol while stirring at room temperature. The resulting reaction
mixture was stirred for three days, and a small portion
(0.5 mL) was taken to check the conversion to the desired
product. If any starting material was detected, another
portion of sulfuric acid (7.5 mL, 134 mmol, 96%) and tri-
methyl orthoformate (135 mL, 1.23 mol) was added and
stirred for one more day. Otherwise, the reaction mixture was
neutralized with a saturated sodium bicarbonate solution.
The organic phase was separated, dried over MgSO,, and the
volatiles were removed in vacuo. The solid residue was washed
with a small amount of methanol, yielding 1-NH,-2-[C(OMe)
(4-t-Bu-C¢H,),]-4-Me-CgH; as a white powder. Yield: 22.75 g,
72%. Mp: 144 °C. Anal. calc. for C,oH3,NO (415.29): C 83.8, H
9.0, N 3.4; found: C 83.5, H 8.9, N 3.5. "H NMR (25 °C, C¢Ds,
500 MHz): § = 1.16 (s, 18H, C(CH,)3), 2.09 (s, 3H, ArCH;), 3.3
(s, 3H, OCHj;), 3.82 (s, 2H, NH,), 6.31 (d, *J(*H, 'H) = 8 Hz,
1H, m-CeH3), 6.92 (d, *J(*H, "H) = 8 Hz, 1H, 0-CcH3), 7.23 (d,
3I(*H, 'H) = 8.4 Hz, 4H, m-C¢H,), 7.38 (s, 1H, 0-CxH3), 7.54 (d,
}I(*H, 'H) = 8.4 Hz, 4H, 0-C¢H,) ppm. “*C{'H} NMR (25 °C,
CeDs, 125.76 MHz): § = 20.5 (s, CH3), 31.1 (s, C(CH3)), 34.0 (s,
C(CHj3)), 52.2 (s, OCH;), 87.8 (s, Ar,COCH;), 116.9 (s, m-
CeH3), 124.2 (s, 0-CeHj), 124.7 (s, m-CsHy), 127.8 (s, 0-CsH,),
129.6 (s, 0-CgH3), 132.1 (m-CeH,), 141.6 (s, ipso-CeH,), 141.8
(s, ipso-C¢Hjy), 144.8 (s, 0-CsH3), 149.0 (s, p-C¢H,).

1852 | Dalton Trans., 2025, 54, 11845-11856

View Article Online

Dalton Transactions

The synthesis of 1-NH,-2-C(4-t-Bu-CgH,);-4-Me-CgHj. A solu-
tion of 1-bromo-4-t-butylbenzene (46.7 g, 219 mmol) in THF
(150 mL) was added dropwise to a stirred suspension of mag-
nesium (5.85 g, 240 mmol) in THF (400 mL) at 0 °C. The
mixture was gradually heated to 40 °C and stirred for one day.
The solution was then decanted and concentrated to 150 mL
(viscous oil), and toluene (400 mL) was added. The resulting
solution was added dropwise to a solution of 1-NH,-2-[C
(OMe)(4-t-Bu-CgH,),]-4-Me-CeH; (15.8 g, 95 mmol) in toluene
(300 mL) at 0 °C. The reaction mixture was slowly heated to
50 °C and stirred for one day. The reaction was carefully
quenched with a saturated solution of NH,CIl. The organic
phase was separated, dried over MgSO,, and filtered. The
resulting yellow solution was dried in vacuo, and the solid
residue was washed with a small amount of n-hexane, yield-
ing 1-NH,-2-C(4-t-Bu-C¢H,);-4-Me-C¢H; as a white powder.
Yield: 11.32 g, 40%. Mp: 252 °C. Anal. calc. for C3;gHy,N
(517.80): C 88.2, H 9.2, N 2.7; found: C 88.3, H 9.1, N 2.6. 'H
NMR (25 °C, C¢Dg, 500 MHz): § = 1.21 (s, 27H, CH3), 2.09 (s,
3H, CH;), 2.93 (s, 2H, NH,), 6.30 (d, *J(*H, 'H) = 7.8 Hz, 1H,
0-C¢H3), 6.94 (d, *J(*H, 'H) = 7.8 Hz, 1H, m-C¢H,;), 7.17 (d,
*J(*H, 'H) = 8.1 Hz, 6H, 0-CsH,), 7.30 (s, 1H, m-C¢H;), 7.46 (d,
*J(*H, 'H) = 8.2 Hz, 6H, 0-CxH,) ppm. “*C{'H} NMR (25 °C,
C¢Ds, 125.76 MHz): 6 = 21.4 (s, CH3), 31.8 (s, C(CHz)3), 34.7
(s, C(CHy)3), 63.3 (s, CArz), 118.2 (s, 0-C¢H3), 125.1 (s, m-
Ce¢H,), 126.6 (s, ipso-C¢Hj), 129.2 (s, m-C¢Hj), 126.2 (s,
m-CgH3), 132.0 (s, m-CgH,), 132.3 (s, m-C¢H3), 132.5 (s, ipso-
CeH3), 143.1 (s, ipso-CeHy), 144.4 (s, p-CeH3), 149.1 (s, p-CeH,)
ppm.

The synthesis of Ar"®"-NH, (1). A mixture of 1-NH,-2-C(4-t-
Bu-CgH,)3-4-Me-CgH; (2 g, 3.9 mmol) and diphenylmethanol
(1.07 g, 5.8 mmol) was heated to 120 °C. It is better to hom-
ogenize the mixture as much as possible prior to the heating,
because the formation of 1 will solidify the reaction mixture
and stop stirring. A solution of zinc chloride (0.53 g,
3.9 mmol) in hydrochloric acid (0.55 mL, 5.8 mmol) was then
added dropwise. The resulting mixture was heated to 180 °C
for three hours, slowly cooled to room temperature, and
extracted with dichloromethane. The organic layer was separ-
ated, dried over MgSO,, and filtered. The volatiles were
removed in vacuo, and the resulting yellow powder was washed
twice with a small amount of n-pentane (5 mL), yielding 1 as a
white powder. Yield: 1.6 g, 61%. Mp: 152 °C. Anal. calc. for
Cs5;H;s,N (683.02): C 89.6, H 8.4, N 2.1; found: C 89.5, H 8.2, N
2.0. "H NMR (25 °C, C¢Dg, 500 MHz): § = 1.21 (s, 27H, CH;),
1.97 (s, 3H, CHj;), 3.07 (s, 2H, NH,), 5.37 (s, 1H, Ph,CH), 6.80
(s, 1H, m-CgH,), 7.02-7.11 (m, 10H, C¢Hs), 7.17 (d, *J(*H, 'H) =
8.5 Hz, 6H, m-CsH,), 7.25 (d, *J(*H, 'H) = 8.3 Hz, 1H, m-CgH,),
7.44 (d, *J(*H, 'H) = 8.5 Hz, 6H, 0-C¢H,) ppm. “>C{'H} NMR
(25 °C, C¢Dg, 125.76 MHz): § = 21.7 (s, CH;), 31.8 (s, C(CH,),),
34.7 (s, C(CH;);), 53.2 (s, PhCH), 63.6, (s, CAr;), 125.1 (s,
m-CgH,), 126.3 (s, p-C¢Hs), 127.0 (s, p-C¢Hs), 129.0 (s, m-CsHs),
130.3 (s, m-CgH,), 130.4 (s, 0-C¢Hs), 131.0 (s, m-CgH,), 131.4 (s,
0-C¢H,), 132.0 (s, 0-CcH,), 133.6 (s, 0-C¢H,), 142.0 (s, ipso-
CeH,), 143.2 (s, ipso-CeH,), 143.9 (s, ipso-CeHs), 149.1 (s, p-
CeH,) ppm.
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The synthesis of Ar“®"-NHPCl, (2). Path A. Phosphorus tri-
chloride (0.01 mL, 0.11 mmol) was added to a solution of 1
(0.07 g, 0.1 mmol) in pyridine (2 mL) at room temperature.
The resulting yellowish mixture was stirred for two hours. The
reaction mixture was filtered, and the volatiles were removed in
vacuo. The solid residue was washed with a small amount of
n-hexane, yielding 2 as a yellowish powder. Yield: 0.052 g,
65%. Path B. n-BuLi (0.38 mL, 0.61 mmol, 1.6 M solution in
n-hexane) was added to a solution of 1 (0.38 g, 0.57 mmol) in
toluene (5 mL) at room temperature. The resulting orange
solution was stirred for one hour. Phosphorus trichloride
(0.049 mL, 0.57 mmol) was then added to the red solution at
—80 °C. The reaction mixture was gradually warmed to room
temperature and stirred for one day. The suspension was fil-
tered, and the volatiles were removed in vacuo, yielding 2 as a
yellowish powder. Yield: 0.375, 86%. Mp: 288 °C. Anal. calc.
for C5,HscCL,NP (784.09): C 78.0, H 7.2, N 1.8; found: C 77.9,
H 7.1, N 1.6. "H NMR (25 °C, C¢Dg, 500 MHz): 6 = 1.22 (s, 27H,
C(CH3;);), 1.83 (s, 3H, CH3), 4.27 (s, 1H, NHPCL,), 6.56 (s, 1H,
CHPh,), 7.08 (t, *J(*H, 'H) = 7.36 Hz, 4H, m-CeH;), 7.15 (t,
31(*H, 'H) = 7.36 Hz, 4H, p-C¢Hs), 7.17-7.22 (m, 11H, m-CeH, +
0-CeHs + m-CeH,), 7.36 (s broad, 1H, m-C¢H,), 7.40 (d, *J(*H,
'H) = 8.42 Hz, 6H, 0-C¢H,) ppm. C{*H} NMR (25 °C, C¢Ds,
125.76 MHz): § = 21.6 (s, CH;) 31.7 (s, C(CHa)s), 34.7 (s,
C(CH3);), 53.0 (s, CHPh,), 63.9 (s, CAr;), 125.7 (s, 0-CgHy),
127.6 (s, p-CeHs), 129.5 (s, 0-C¢Hs) 130.8 (s, 0-CeHs), 131.8 (s,
m-CgH,), 131.9 (s, m-CsH,), 132.1 (s, m-C¢Hj), 136.6 (d, 2J(*°C,
31p) = 15.4 Hz, ipso-CeH,), 136.9 (p-CeH,), 143.0 (s, ipso- CeH,),
144.0 (s, ipso-CeHs), 147.0 (0-CeH,) 149.9 (m-C¢H,) ppm. *'P
{*H} NMR (25 °C, C¢Ds, 202.52 MHz): § = 157.4 (s) ppm.

The synthesis of Ar“®"-NPCl (3). Phosphorus trichloride
(0.044 mL, 0.5 mmol) was added to a solution of 1 (0.295 g,
0.4 mmol) in triethylamine (5 mL) at room temperature. The
resulting yellow suspension was stirred for 16 hours. The vola-
tiles were removed in vacuo, and the solid was extracted with
benzene. The suspension was filtered, and the volatiles were
removed in vacuo, yielding 3 as an orange powder. Yield:
0.261 g, 80%. Mp: 183 °C. Anal. calc. for Cs5;H;5CINP (748.43):
C 81.9, H 7.4, N 1.9; found: C 82.0, H 7.3, N 1.8. 'H NMR
(25 °C, C¢Dg, 500 MHz): 5 = 1.19 (s, 27H, C(CH3)3), 1.78 (s, 3H,
CH,;), 6.35 (s, 1H, Ph,CH), 6.69 (s, 2H, m-C¢H,), 6.93 (s, 1H,
m-CeH,), 7.0 (t, *J(*H, 'H) = 7.3 Hz, 2H, p-C¢Hs), 7.08 (t, *J(*H,
'H) = 7.4 Hz, 4H, m-C¢Hs), 7.12 (d, *J(*H, 'H) = 8.6 Hz, 6H,
m-CgHy), 7.17 (d, *J(*H, 'H) = 7.4 Hz, 4H, 0-CxH5), 7.28 (s, 1H,
m-CeH,), 7.30 (d, */(*H,"H) = 8.5 Hz, 6H, 0-CcH,) ppm. “*C{'H}
NMR (25 °C, C¢Ds, 125.76 MHz): 6 = 21.3 (s, CH;), 31.3 (s,
C(CH,3)3), 34.2 (s, C(CH3)3), 52.7 (s, Ph,CH), 63.9 (s, CAr;), 124.5
(s, m-Ce¢Hy), 126.5 (s, p-Ce¢Hs), 128.5 (s, m-C¢Hs), 129.9 (s, m-
CeéH,) 130.0 (s, 0-CeHs), 130.5 (s, m-CgH,) 131.8 (s, 0-CeHy),
135.0 (s, p-CsH,), 136.7 (d, *J(*3C, *'P) = 9.55 Hz, 0-CH,), 139.8
(d, >7(C, *'P) = 13.19 Hz, ipso-CsH,), 139.9 (s, ipso-CcH,), 142.9
(s, ipso-CeHy), 143.1 (s, ipso-CeHs), 148.6 (s, ipso-CeH,) ppm. *'P
{'H} NMR (25 °C, C¢Ds, 202.52 MHz): & = 123.6 (s) ppm.

The synthesis of [2,6-(C(Me)Ph,),-4-NH,-C¢H,]PCL, (4%). n-
BuLi (0.747 mL, 1.2 mmol, 1.6 M solution in n-hexane) was
added to a stirred suspension of Ar”-NH, (0.417 g, 0.9 mmol)
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in n-hexane (2 mL) at 0 °C. The reaction mixture was gradually
warmed to room temperature and stirred for one day. The sus-
pension was filtered, and n-hexane (2 mL) was added.
Phosphorus trichloride (0.08 mL, 0.9 mmol) was then added
dropwise to the stirred suspension at —80 °C. The reaction
mixture was gradually warmed to room temperature and
stirred for one day. The suspension was filtered, and the solid
was extracted and recrystallized from boiling benzene, yielding
4" as colorless single crystals. Due to their similar solubility, a
small amount (ca. 5%) of 5™ could not be separated from the
product. Yield: 0.143 g, 29%. Mp: 215 °C. Anal. calc. for C3,H;,
CLNP (553.15): C 73.7, H 5.5, N 2.5; found: C 73.5, H 5.4, N
2.4. "H NMR (25 °C, C¢Dg, 500 MHz): & = 1.99 (s, 6H, CHj),
3.67 (s, 2H, NH,), 6.99-7.11 (m, 20H, ArH), 7.72 (d, *J(*H, *'P)
= 10.1 Hz, 2H, m-CeH,) ppm. *'P{'H} NMR (25 °C, C¢D,
202.52 MHz): § = 166.5 (s) ppm.

The synthesis of [2,6-(C(Me)(3,5-Me,-CcHj3),-4-NH,-C6H, |
PCl, (4™°). n-BuLi (0.560 mL, 0.9 mmol, 1.6 M solution in
n-hexane) was added to a stirred suspension of Ar™*-NH,
(0.393 g, 0.69 mmol) in n-hexane (2 mL) at 0 °C. The mixture
was gradually warmed to room temperature and stirred for one
day. The reaction mixture was filtered, and n-hexane (2 mL) was
added. Phosphorus trichloride (0.08 mL, 0.9 mmol) was then
added dropwise to the stirred suspension at —80 °C. The reac-
tion mixture was gradually warmed to room temperature and
stirred for one day. The suspension was filtered, and the solid
was dried in vacuo. The solid was extracted and recrystallized
from boiling benzene, yielding 4™ as colorless single crystals.
Yield: 0.108 g, 23%. Mp: 232 °C. Anal. calc. for C3,H;, CI,NP
(681.31): C 75.7, H 7.4, N 2.1; found: C 75.5, H 7.5, N 2.0. 'H
NMR (25 °C, C¢Dg, 500 MHz): § = 2.07 (s, 24H, ArCH3), 2.21 (s,
6H, Ar,C(CH,)), 3.94 (s, 2H, NH,), 6.69 (s, 4H, p-CcH;™®), 7.01 (s,
8H, 0-CcH5™), 7.80 (d, *J(*'P, 'H) = 9.9 Hz, 2H, m-C¢H;) ppm.
BC{'H} NMR (25 °C, C¢Dg, 125.76 MHz): § = 22.0 (s, ArCH3),
28.2 (s, Ar,G(CH3)), 52.9 (s, Ar,C(CH3)), 127.1 (s, 0-CeH3™),
129.1 (s, p-CeH5™), 132.2 (d, J(*'P, °C) = 36.8 Hz m-CgH,),
134.4 (s, p-CeH,), 134.7 (s, 0-CeH,), 138.3 (m-CoH;™°), 147.0
(ipso-CsH3™®), 149.3 (s, ipso-CqH,) ppm. *'P NMR (25 °C, C¢D,
202.52 MHz): § = 167.6 (t, J(*'P, "H) = 9.9 Hz, ArPCl,) ppm.

The synthesis of Ar-NHPCI, (5"). A solution of phosphorus
trichloride (0.23 mL, 2.7 mmol) and hydrogen chloride
(0.18 mL, 0.5 mmol, 3 M solution in CPME) in toluene (20 mL)
was added dropwise to a stirred solution of 8% (0.28 g,
0.5 mmol) in toluene (10 mL) at —80 °C. The reaction mixture
was gradually warmed to room temperature and stirred for one
hour. The volatiles were removed in vacuo, and the resulting
solid was washed with petroleum ether and dried under
reduced pressure, yielding 5" as a white powder. Yield:
0.262 g, 89%. Mp: 171 °C. Anal. cale. for C;;H;z, CL,NP
(553.15): C 73.7, H 5.5, N 2.5; found: C 73.2, H 5.6, N 2.3. 'H
NMR (25 °C, C¢Ds, 500 MHz): 6 = 2.25 (s, 6H, CCHj), 4.81 (d,
’J(*H, *'P) = 1.8 Hz, 1H, NHPCL,), 6.70 (t, *J(*H, "H) = 7.9 Hz,
1H, p-C¢H;), 7.00 (t, °J(*H, "H) = 7.24 Hz, 4H, p-C¢Hs), 7.02 (s,
2H, m-CeHj), 7.08 (t, *J(*H, "H) = 7.8 Hz, 8H, m-CcHs), 7.20 (t,
*I(*H, 'H) = 7.6 Hz, 8H, 0-C¢H;) ppm. “*C{'H} NMR (25 °C,
C¢Ds, 125.76 MHz): § = 32.3 (s, Ar,CCH,), 53.7 (s, Ar,CCH,),
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124.8 (s, p-CeH3), 127.2 (s, p-CeHs), 129.0 (s, m-CsHj), 129.2 (s,
0-CH;), 131.6 (s, m-CsH3), 138.2 (s, 2J(*'P, *C) = 11.8 Hz, ipso-
CeH3), 146.3 (s, 0-CeHj;), 148.3 (s, ipso-CqHs) ppm. *'P{'H}
NMR (25 °C, Cg¢Ds, 202.52 MHz): § = 159.6 (s) ppm.

The synthesis of Ar™*-NHPCI, (5™¢). A solution of phos-
phorus trichloride (0.24 mL, 2.8 mmol) and hydrogen chloride
(0.19 mL, 0.6 mmol, 3 M solution in CPME) in toluene (20 mL)
was added dropwise to a stirred solution of 8¢ (0.36 g,
0.6 mmol) in toluene (10 mL) at —80 °C. The reaction mixture
was gradually warmed to room temperature and stirred for one
hour. The volatiles were removed in vacuo, and the resulting
solid was washed with petroleum ether and dried under
reduced pressure, yielding 5™ as a white powder. Yield:
0.314 g, 85%. Mp: 172 °C. Anal. calc. for C;,H,cCL,NP (665.27):
C 76.0, H 7.0, N 2.1; found: C 75.9, H 7.1, N 2.0. '"H NMR
(25 °C, C¢Dg, 500 MHz): 6 = 2.11 (s, 24H, ArCH;), 2.45 (s, 6H,
Ar,C(CH,)), 5.27 (d, >(*'P, 'H) = 2.6 Hz, 1H, NHPCL,), 6.72 (s,
4H, p-CeH;™®), 6.78 (t, *J(*H, "H) = 7.7 Hz, 1H, p-CeH3), 7.07 (s,
8H, 0-C¢H3™®), 7.18 (d, *J(*H, 'H) = 7.9 Hz, 2H, m-C¢H;) ppm.
BC{'H} NMR (25 °C, Cg¢Dg, 125.76 MHz): § = 22.0 (s, ArCH,),
31.5 (s, Ar,C(CHz)), 53.7 (s, Ar,C(CHy)), 124.8 (s, p-CeH3), 127.7
(s, p-CeH5™®), 129.0 (s, 0-CeH3™®), 129.3 (s, 0-CeHj), 131.6 (s,
m-CgH,), 138.6 (s, 2J(*'P, *C) = 11.2 Hz, ipso-CsH3), 146.3 (s,
0-CH3), 148.9 (s, ipso-CoH3™) ppm. *'P{'H} NMR (25 °C,
CeDs, 202.52 MHz): § = 162.2 (s) ppm.

The synthesis of [2,6-(C(Me)(3,5-Me,-CH;),-4-NH,-C6H,]
PPh, (6™¢). n-BuLi (0.48 mL, 0.76 mmol, 1.6 M solution in
n-hexane) was added to a stirred suspension of Ar™*-NH,
(0.29 g, 0.51 mmol) in n-hexane (2 mL) at room temperature.
The reaction mixture was stirred for 30 minutes and filtered,
and n-hexane (2 mL) was added. Diphenyl(chloro)phosphine
(0.18 mL, 1.0 mmol) was then added dropwise to the stirred
suspension at —80 °C. The reaction mixture was gradually
warmed to room temperature and stirred for one day. The sus-
pension was filtered and the solid was dried in vacuo. The
solid was washed with hexane (3 mL) and diethyl ether (3 mL).
The colorless solid was extracted with benzene (3 mL) to give
6™ in the form of a colorless powder. Yield 0.140 g, 37%. Mp.
237 °C. Anal. calc. for C54H56NP (750.02): C 86.5, H 7.5, N 1.9;
found: C 86.4, H 7.3, N 1.8. "H NMR (25 °C, C¢Dg, 500 MHz): &
= 2.06 (s, 24H, Ar-CHj), 2,27 (s, 6H, CCH,), 3.62 (s, 2H, NH,),
6.64 (s, 4H, p-C¢H3™®), 6.97-7.04 (m, 8 + 2 + 4H, 0-CeH;™,
m-C¢Hs, p-CeHs), 7.28 (d, *J(*'P, "H) = 8.22 Hz, 2H, m-CsHs),
7.33 (t, *J(*'P, 'H) = 7.65 Hz, 0-C¢H;5) ppm.">C{*H} NMR (25 °C,
Ce¢Dg, 125.76 MHz): § = 21.69 (s, Ar-CHj3), 28.5 (s, CCH3), 52.6
(s, CCH3), 122.9 (d, J(*'P, *C) = 6.1 Hz, ipso-CcHs), 127.2 (s, o-
CeH3™), 128,7, 128.7 (s, m-CgH; p-CHs), 134.2 (d, %/ (3'P, *3C)
= 19.21 Hz, 0-C¢H;), 135.1 (d, *J(*'P, °C) = 8.56 Hz, 0-CsH;),
135.8 (d, >J(*'P, *C) = 22.78 Hz, m-C¢Hj), 137.9 (s, m-CeH;™*),
140.3 (d, YJ(*'P, *C) = 11.88 Hz, p-CsH,), 145.8 (s, ipso-CsHs),
147.8 (s, ipso-CoH3M®) ppm. *'P{*H} NMR (25 °C, CcDq,
20252 MHz): § = —5.8 (s) ppm.

The synthesis of ArM*-N(H)Me (7V¢). n-BuLi (0.09 mL,
0.13 mmol, 1.6 M solution in n#-hexane) was added to a stirred
suspension of Ar™“-NH, (0.05 g, 0.09 mmol) in n-hexane
(2 mL) at room temperature. The reaction mixture was stirred
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for 30 minutes. Methyl trifluoromethanesulfonate (0.02 mL,
0.18 mmol) was added dropwise to the stirred suspension at
room temperature and stirred for one day. The suspension was
filtered, and the solid was dried in vacuo. The solid was
extracted with benzene to give 7M° in the form of a colorless
powder. Yield 0.03 g, 59%. Mp. 169 °C. Anal. calc. for
Cs4H356NP (579.39): C 89.1, H 8.5, N 2.5; found: C 89.0, H 8.6,
N 2.5. "H NMR (25 °C, C¢Ds, 500 MHz): § = 1.64 (d, *J(*H, 'H)
= 5.76 Hz, 3H, NHCH;), 2.09 (s, 24H, Ar-CHj), 2,45 (s, 6H,
CCH3), 3.06 (d broad, */(*H, 'H) = 5.84 Hz, 1H, NHCH,), 6.71
(s, 4H, p-C¢H5™®), 6.79 (t, *J(*H, 'H) = 7.83 Hz, 1H, p-CeH3),
7.11 (s, 8H, 0-CeH5™), 7.19 (d, *J(*H, 'H) = 7.78 Hz, 2H,
m-CeH;) ppm. “C{'H} NMR (25 °C, CcD¢, 125.76 MHz): § =
21.9 (s, Ar-CH,), 31.7 (s, CCH3;), 36.6 (NHCHj,), 54.0 (s, CCH,),
120.8 (s, p-CeHj3), 127.4 (s, 0-CeH3™®), 128.4 (s, p-CeH3™),
132.0 (s, m-CeHs), 137.7 (s, m-CeH5™M®), 143.3 (s, 0-CsHj), 150.5
(s, ipso-CeH3), 150.6 (s, ipso-CeH3™C) ppm.

The synthesis of Ar'-N—PNMe, (8"). A suspension of Ar"-
NH, (1.0 g, 2.6 mmol) and bis-(N,N-dimethylamino)chloropho-
sphine (1 mL, 6.9 mmol) was heated to 160 °C and stirred for
16 hours. The reaction mixture was gradually cooled to 85 °C,
and n-hexane (30 mL) was added. The suspension was filtered
and left to crystallize for one day. The resulting yellowish crys-
tals of 8" were decanted and dried in vacuo. Yield: 0.758 g,
64%. Mp: 232 °C. Anal. calc. for C36H35 N,P (526.25): C 82.1, H
6.7, N 5.3; found: C 82.0, H 6.5, N 5.32. *H NMR (25 °C, C¢Ds,
500 MHz): 6 = 1.93 (d, */(*'P, "H) = 10.9 Hz, 3H, N=PN(CH};),),
2.33 (s, 6H, Ar,CCHj;), 2.35 (s, 3H, N=PN(CH,),), 6.66 (t, *J(*H,
'H) = 7.9 Hz, 1H, p-C¢H;), 7.00 (t, *J(*H, 'H) = 7.3 Hz, 4H,
p-CeHs), 7.07 (t, >J(*H, 'H) = 7.3 Hz, 8H, m-C¢Hs), 7.13 (d,
31(*H, 'H) = 7.9 Hz 2H, m-C¢H,), 7.25 (d, *J(*H, 'H) = 7.9 Hz,
8H, 0-C¢H;) ppm. *C{*H} NMR (25 °C, C¢Ds, 125.76 MHz): § =
29.0 (s, Ar,CCHj3;), 33.7 (d, %J(*'P, *C) = 9.3 Hz, N—PNCHj,),
35.3 (d, >(*'p, **C) = 41.5 Hz, N=PNCHj3), 53.6 (s, Ar,CCHj),
118.4 (s, p-CeHj;), 126.23 (s, p-CHs), 128.4 (s, m-CgHs), 129.6
(s, 0-C¢H;), 129.9 (s, m-C¢H,), 137.7 (d, J(*"'P, °C) = 16.8 Hz,
ipso-CeHj), 147.7 (s, ipso-C¢H3), 150.8 (s, ipso-CqHs) ppm. *'P
{'H} NMR (25 °C, C¢Dg, 202.52 MHz): § = 265.9 (s) ppm.

The synthesis of Ar™*-N—PNMe, (8"). A suspension of
Ar™*-NH, (1.0 g, 1.8 mmol) and bis-(N,N-dimethylamino)chlor-
ophosphine (1 mL, 6.9 mmol) was heated to 160 °C and
stirred for 16 hours. The reaction mixture was gradually cooled
to 85 °C, and n-hexane (30 mL) was added. The suspension
was filtered and left to crystallize for one day. The resulting yel-
lowish crystals of 8" were decanted and dried in vacuo. Yield:
0.678 g, 60%. Mp: 250 °C. Anal. calc. for C,4,H;5;N,P (638.88): C
82.7, H 8.1, N 4.4; found: C 82.5, H 8.0, N 4.2. '"H NMR (25 °C,
CeDs, 500 MHz): § = 2.03 (s broad, 3H, N(CH3),), 2.10 (s, 24H,
Ar-CH3), 2.53 (s, 6H, CCH3), 2.57 (s, 3H, N(CHj),), 6.69 (t,
*JI(*H, 'H) = 7.8 Hz, 1H, p-C¢H;), 6.71 (s, 4H, p-CcH;™®), 7.07 (s,
8H, 0-CsH;™), 7.23 (d, *J(*H, 'H) = 7.8 Hz, 2H, m-C¢H;) ppm.
BC{*H} NMR (25 °C, C¢Ds, 125.76 MHz): § = 22.0 (s, ArCH3),
28.4 (s, Ar,CCH;), 33.7 (s, N=PN(CH3),), 35.4 (5, N=PN
(CH3),), 53.5 (s, Ar,CCH3), 118.3 (s, p-CeHs), 127.9 (s, o-
CeH3™®), 127.9 (s, p-CeH3™®), 130.1 (s, m-CeHs), 137.6 (s, ipso-
CeH3™¢), 138.7 (d, %)J(3'P, *C) = 17.0 Hz, ipso-C¢H,), 148.1 (s,
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ipso-CeH3), 151.3 (s, ipso-CeH3™C) ppm. *'P{'H} NMR (25 °C,
CeDg, 20 252 MHz): § = 271.3 (s) ppm.

An attempted synthesis of Ar"-N=PCl (9""). Triethylamine
(0.72 mL, 5.2 mmol) was added dropwise to a stirred solution
of 5 (0.87 g, 1.3 mmol) in benzene at room temperature. The
suspension was stirred for three days and filtered. Another
portion of triethylamine (0.18 mL, 1.3 mmol) was then added,
and the resulting suspension was filtered again. Crystallization
at 4 °C for seven days yielded a mixture of single crystals: color-
less crystals of 57 and triethylammonium chloride and red
crystals of 9.

An attempted synthesis of Ar™*-N=PCl (9"°). Triethylamine
(0.49 mL, 3.5 mmol) was added dropwise to a stirred solution
of 5™¢ (0.58 g, 0.9 mmol) in benzene at room temperature. The
suspension was stirred for three days and filtered. Another
portion of triethylamine (0.12 mL, 0.9 mmol) was then added,
and the resulting suspension was filtered again. Crystallization
at 4 °C for seven days yielded a mixture of single crystals: color-
less crystals of 5™¢ and triethylammonium chloride and red
crystals of 9™,

A synthesis of Ar“®“-NHBCl, (10). n-BuLi (0.48 mL,
0.76 mmol, 1.6 M solution in n-hexane) was added dropwise
to a stirred solution of 1 (0.52 g, 0.76 mmol) in toluene
(5 mL) at room temperature. The reaction mixture was stirred
for one hour. Boron trichloride (0.77 mL, 0.77 mmol) was
then added dropwise to the stirred solution at room tempera-
ture. After ten minutes, the reaction mixture was filtered, the
volatiles were removed in vacuo, and the resulting solid was
washed with n-hexane (10 mL), yielding 10 as a colorless
powder. Yield: 0.327 g, 56%. Mp: 289 °C. "H NMR (25 °C,
CeDg, 500 MHz): § = 1.18 (s, 27H, C(CH,);), 1.85 (s, 3H, CHj),
5.10 (s, 1H, NH,), 6.0 (s, 1H, CHPh,), 6.94-7.12 (m, 11H, C¢Hj
+ m-C¢H,), 7.15 (d, *J(*H,"'H) = 8.72 Hz), 6H, (m-CcH,), 7.32
(d, ¥("H,"H) = 8.70 Hz), 6H, (0-C¢H,) ppm. “C{'H} NMR
(25 °C, C¢Dg, 125.76 MHz): 5 = 21.8 (s, CHj) 31.3 (s, C(CH,),),
34.2 (s, C(CHj);), 53.4 (s, CHPh,), 63.4 (s, CArs), 125.1 (s,
0-CgH,), 128.9 (s, m-C¢Hs), 130.2 (s, m-C¢H,), 130.3 (s, 0-C¢Hs),
130.5 (s, p-CeHs), 130.9 (s, p-CeHs), 131.3 (s, m-CgH,), 136.4 (s,
p-CeHy), 136.5 (s, m-CeHs), 142.5 (s, ipso-CeH,), 143.7 (s, ipso-
CeHj), 143.5 (s, p-CeHy), 144.6 (s, 0-CeH,), 144.8 (s, 0-CeH,),
149.2 (s, m-CeH,) ppm. ""B{*H} (25 °C, C¢Dg, 160 MHz): 32.3 (s
broad) ppm.

A synthesis of Ar"®"-NH,-BH; (11). A solution of the tetra-
hydrofuran complex of borane (0.19 mL, 0.19 mmol, 1 M solu-
tion in THF) was added dropwise to a stirred solution of 1
(0.064 g, 0.94 mmol) in petroleum ether (2 mL). The reaction
mixture was stirred for two hours. The resulting suspension
was filtered, and the solid was dried at —20 °C, yielding 11 as a
white powder. Yield: 0.32, 49%.

An attempted synthesis of Ar"®"-NHBH, (12). Benzyl chlor-
ide (6.9 pL, 0.06 mmol) was added to a solution of 1 (0.04 g,
0.06 mmol) and tetrabutylammonium borohydride (0.015 g,
0.12 mmol) in deuterated benzene (0.5 mL). The reaction
mixture was sealed in an NMR tube and heated to 90 °C. NMR
spectra were recorded immediately and subsequently after 20,
90 and 240 minutes.

This journal is © The Royal Society of Chemistry 2025
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Conclusions

In conclusion, we have developed a novel dissymmetrically
substituted aniline 1, which combines high buried volume
with retained space for reactivity. This has been exemplified
through the successful synthesis of chloro(imino)phosphane 3
and the monomeric dichloroamidoborane 10. For comparison,
we have tested the reactivity of the most sterically demanding
anilines, which exhibited unprecedented C-H activation at the
para-position of the aniline. This reaction facilitated the syn-
thesis of the first compounds, 4™ and 4™, simultaneously
bearing PCl, and NH, groups. It is thus evident that it is not
necessary to have extremely crowded substituents at both
ortho-positions of the aniline.
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