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Fluoroarene Complexes with SmaII Bite Angle Bisphosphines:
Routes to Amine-Borane and Aminoborylene Complexes

Annie L. Colebatch,! Alasdair I. McKay,'® Nicholas A. Beattie,®! Stuart A. Macgregor,*®! and

Andrew S. Weller*(@]

Abstract: Fluoroarene complexes of the small bite angle bis-
phosphine  Cy,PCH,PCy, (dcpm) have been prepared:
[Rh(dcpm)(m®-1,2-F,CeHA)I[AHOC(CF3)sk]  and  [Rh(dcpm)(n®-
1,2,3-F3CgH3)I[AHOC(CF3)3}4]. These complexes act as precursors
to a previously inaccessible o-amine-borane complex
[Rh(dcpm)(m?-H3B:NMe3)I[AHOC(CF3)3}4] of a small bite-angle

phosphine. This complex is a poor catalyst for the dehydrocou-
pling of H3B:NMe,H. Instead, formation of the bridging boryl-
ene complex [{RhH(u-dcpm)},(p-H) (u-BNMe,)ITA{OC(CF3)3l4] oc-
curs, which has been studied by NMR, mass spectrometry, crys-
tallographic and DFT techniques. This represents a new route
to bridging borylene complexes.

Introduction

The transition metal catalysed dehydrocoupling and dehydro-
polymerisation of amine-boranes has been the subject of con-
siderable recent attention due to both fundamental interest in
BH/NH activation processes and as routes to new BN-based ma-
terials."=3! Amine—-borane o-complexes™ are often implicated
as intermediates in such processes. Although a wide variety of
amine-borane o-complexes are now known,*=° previous at-
tempts to prepare such species with small bite angle bisphos-
phine coligands have been unsuccessful.l”? Studying the reactiv-
ity of [Rh{Ph,P(CH,),PPh,}(n%-FC¢Hs)I[BArF,] with H3B-NMe; to
form [Rh{Ph,P(CH,),PPh,}(n?-H3B-NMe3)I[BArF,] [x = 2-5, Ar =
3,5-(CF5),CgHs] revealed a dependence of the relative strengths
of the metal-borane/metal-arene interactions on the P-Rh-P
bite angle (Scheme 1a).®*! Larger bite angles were noted to
give rise to stronger Rh-B and Rh-H interactions, as evidenced
by downfield "B NMR chemical shifts and upfield '"H NMR
chemical shifts. Notably, a o-borane complex did not form for
x = 2 (i.e. Ph,PCH,CH,PPh,), which demonstrates the tipping
point where m°-binding of the FC4Hs solvent outcompetes
1?-H;B-NMe; coordination. These weak rhodium-borane inter-
actions were found to be advantageous in catalysis, with small
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bite angles promoting faster dehydrocoupling of H;B:-NMe,H to
form [H,BNMe,],, e.g. TOFs from 180 h™! (x = 5) to 1250 h™! (x =
3).1 For x = 2 no dehydrocoupling was observed, likely due to
preferential binding of FCgHs over o-complexation of the
amine-borane. Demonstration of this comes from comparison
of the binding mode of the B-phenyl-substituted amine-borane
H,PhB:NMe; with {Rh(PR;),}* fragments: wide bite angles fa-
vour amine—borane o-coordination, tighter ones arene coordi-
nation, e.g. [Rh(PiPr3),(n?-(BH)-H,PhB-NMe;)I[BAr",], [P-Rh-P =

(a) P-Rh-P bite angle affects amine-borane coordination
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|912 Fn ° High yield synthesis
%
\,Rr?_@ - [AHOC(CF 3)3}4]- anion avoids zwitterion
P ;
Cys - Access amine-borane complexes
n=23 - BH/NH activation

Scheme 1. (a) Displacement of FCgHs by H3B-NMe; (x = 3-5). [BArf,]~ anion
not shown.”! (b) Zwitterion formation from fluoroarene complexes."" (c)
Preparation of fluoroarene complexes in this work. [A{OC(CF3)3},4]~ anion not
shown.
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101.86(3)°], and  [Rh{iPr,P(CH,);PiPr,}(n®-H,PhB-NMe;)I[BArF ]
[P-Rh-P = 94.04(4)°.""

Empirically the P-Rh-P bite angle has an inverse effect on
arene binding in [Rh(bisphosphine)(arene)]* cations, with n°-
arene binding more favourable for smaller bite angle Ii-
gands,”'213] for which we also suggest amine-borane o-com-
plexation is weaker. One way to mitigate these competing ef-
fects is to use more weakly binding arene ligands. n°-Fluoro-
arenes are increasingly popular as weakly binding ligands that
offer an operationally unsaturated metal centre.l'" However,
the vast majority of cases are limited to FCgHs examples, with
a few examples of F,CgH, ligation,”4-'71 due to the generally
weaker binding of arenes with increasing degrees of fluorin-
ation.l'8' Recently, the binding strength of fluoroarenes has
been assessed using the [Rh(iBu,PCH,CH,PiBu,)(1®-F,CsHes_n)I-
[BArF,] scaffold. These studies showed that complexes could be
accessed in situ for n = 0-3 (Scheme 1b),l'" whereas for more
highly fluorinated analogues (n = 4-6) the reduced coordinat-
ing ability of the arene means that m complexation of the
[BArF,]~ counterion becomes more favourable, and the zwitter-
ionic complex [Rh(iBu,PCH,CH,PiBu,){n°-(3,5-(CF3),CeH3)BArF3}]
was observed as the sole product. Similar m-coordination of
[BArF,]- is now well established.l'6:20-23]

With these observations in hand, we speculated that in order
to synthesise an amine-borane complex with small bite angle
bisphosphine supporting co-ligand a very weakly ligating
fluoroarene would be needed to be coupled with manipulation
of the anion to avoid zwitterion formation. In this contribution
we demonstrate that Rh-complexes with the exceptionally
small bite angle Cy,PCH,PCy, (dcpm) ligand!'3?4 combined
with moderately fluorinated arenes can be accessed using the
[AI{OC(CF5)3}4]” anion, thus providing a route to synthetically
useful quantities of a trifluorobenzene complex (Scheme 1c).
From such complexes flows the coordination chemistry of
amine-boranes, and subsequent BH/NH activation, that results
in a new dehydrocoupling route to bridging borylene com-
plexes.

Results and Discussion

To avoid competition from zwitterion formation through coor-
dination of [BArf,]-, the very weakly coordinating anion
[AHOC(CF5)3}4]~ was employed, the use of which has been pio-
neered and widely applied by Krossing.[?>2¢! Hydrogenation of
[Rh(dcpm)(COD)][AHOC(CFs)s}4] (COD = cyclooctadiene) in 1,2-
F,CeH,4 or 1,2,3-F3CgH3 solution gave the corresponding fluoro-
arene complexes [Rh(dcpm)(F,,CeHe_n) ITA{OC(CF3)3}4] [n = 2 (1),
3 (2)], Scheme 2. Trace quantities of other, more strongly coordi-
nating, arenes in the commercially available solvents lead to
impurities of the form [Rh(dcpm)(arene)l[AKOC(CF5)s}.].27! In
the case of 1 these are minimal (<10 %), but for 2 considerable
quantities are observed. This can be simply overcome by per-
forming the synthesis of 2 in concentrated solution (0.17 m,
100 mg in 0.4 cm?), thereby decreasing the ratio of [impuri-
tiesl:[Rh] such that 2 is formed in >95 % spectroscopic yield.
Both complexes 1 and 2 can be isolated as analytically pure
yellow crystals in 78 % and 82 % yields respectively after crys-
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tallisation by addition of pentane. For comparison, the analo-
gous [BArf,]- complexes [Rh(dcpm)(F,CsHg_n)[BAI ] (n = 2, 3)
were similarly prepared. Both species were observed in situ, and
[Rh(dcpm)(1,2-F,CsHAIIBAIT,] (3) could be isolated in 82 % yield
as the only product. However, [Rh(dcpm)(1,2,3-F3CgH3)1[BAIT,]
(4) forms the zwitterion complex [Rh(dcpm){n®-(3,5-(CF3),CeH3)-
BArf3}], (5), upon standing (Scheme 2). For [Rh(dcpm)(1,2-
F.CeHA)IIBArF,] slower partial conversion to 5 occurs over
days,?® and a single crystal X-ray structural determination con-
firmed its formulation (Scheme 2). To avoid such complications
all  future work was conducted exclusively with the
[A{OC(CF3)3}4]” anion.

@ @ VT
Cyz Cyz Fe
P\ @/ ‘ H2 P\ ® /

{ "Rh — { Rh|
P M F.CeHe, PV
Cyz Cyz

X = [AIfOC(CF3)3}4]
1(n=2,0013 M)
2(n=3,017M)

X = [BAFF,]
n = 3 fast
n = 2 slow

cy, OBArF,

P @

~
{_Rn— -
P
Cy2F3C CF;

5

Scheme 2.(a) Preparation of n°-fluoroarene complexes [Rh(dcpm)(n®-F ,CsHe_n)1-
[X] {X = [AHOC(CF3)3}): n = 2 (1), 3 (2); X = [BArf,J: n = 2 (3), 3 (4)} and n°-
zwitterion [Rh(dcpm){n®-(3,5-(CF3),CsH3)BAr 311 (5). (b) Solid-state structure of
the cationic portion of complex 2, alkyl hydrogen atoms omitted. Major disor-
der component shown only. Displacement ellipsoids are shown at the 50 %
probability level. Selected bond lengths [A] and angles [°]: Rh-C,yyi range:
2.346(5)-2.263(5); Rh1-P1, 2.2452(10); Rh1-P2, 2.2397(10); P1-Rh1-P2,
73.06(4). (c) Solid-state structure of 5, hydrogen atoms omitted, [BAr",]
simplified. Displacement ellipsoids are shown at the 50 % probability level.
Selected bond lengths [A] and angles [’l: Rh-C,,y range 2.425(6)-2.274(6);
Rh1-P1, 2.2512(17); Rh1-P2, 2.2478(16); P1-Rh1-P2, 72.44(6).

In the 3'"P{"H} NMR spectra of 1 and 2 downfield shifts and
increased Rh-P couplings relative to the precursor complexes
are observed (1: 0 -10.4, JRhP) 168 Hz; 2: 6 -10.9, J(RhP)
167 Hz; cf. [Rh(dcpm)(COD)I[AHOC(CF3)s},l: & -27.4, J(RhP)
126 Hz). In the "F{"H} NMR spectrum the fluoroarene resonan-
ces shift downfield upon complexation, with those of 2 ob-
served at 0 -146.7 (2 F) and -167.1 (1 F), relative to free 1,2,3-
F3CgHs (0 —136.8, —163.5), as described previously for related
systems,[29-31]

Characterisation of 1 and 2 included a single-crystal X-ray
crystallographic study (Scheme 2b for 2, supporting materials
for 1), and complex 2 is the first structurally characterised ex-
ample of an F3CgHs-transition metal complex. Significant disor-
der of the fluoroarene ring between different rotomers means
that discussion of the geometric parameters is not appropriate,
but the structure does demonstrate arene binding and the

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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acute nature of the P-Rh-P angle [73.06(4)°]. The only previ-
ously reported example of 1,2,3-F;C4H3 binding to a transition
metal is [Rh(iBu,PCH,CH,PiBu,)(1°-1,2,3-F3CsH3)1[BAIF,], the
characterisation of which was limited to in situ NMR spectro-
scopy and mass spectrometry as it is formed in equilibrium with
its [BArF,]~ coordinated zwitterion.'"! Here, for 2, the combina-
tion of synthesis using concentrated solutions to overcome
trace impurities and employing the very weakly coordinating
anion [A{OC(CF;)s}4]” to obviate zwitterion formation allows for
reliable access to such highly fluorinated arene complexes.

After establishing an effective route to weakly bound fluoro-
arene species 1 and 2 their reactivity with amine-boranes was
investigated. Starting with H3B:-NMes, which has no N-H groups
and thus does not undergo dehydrocoupling, treatment of 1
with one equivalent of H;B:-NMe; in 1,2-F,CgH, solution gave a
mixture of 1 and the target complex [Rh(dcpm)(n?-HsB-
NMe3)l[A{OC(CF3)s},] (6) in a ratio of 9:1 (as measured by
3TP{'"H} NMR spectroscopy). Addition of a second equivalent of
H3B:NMe; decreased this ratio to 4:1, demonstrating that 1,2-
F,CsH4 binding is competitive with that of H;B:NMes. In con-
trast, for the more weakly bound 1,2,3-F3C¢Hs complex (2) reac-
tion with H3B:NMe; in 1,2,3-F;C¢H; solvent afforded 6 as the
major product (81 % by 3'P{"H} NMR spectroscopy), Scheme 3,
alongside a collection of uncharacterised [Rh(dcpm)(arene)l-
[AI{OC(CF5)3}4] species (13 %) and other minor impurities. Mov-
ing to more concentrated solutions [0.17 m] did not significantly
increase the yield of 6, and clearly these minor impurities bind
slightly more strongly than the amine-borane.

Cy, Cyz

Pe A" H3B-NMe; R® p. NMes
< Rh—|| —_— < /RhiH'B‘

p’ s FnCeHe_n P H
Cy» Cyz

increasing n favours 6

n=21 (Keq ~5mol-! dm?) 6
n=3, 2 (Kgq ~ 250 mol~! dm?)

Scheme 3. Formation of [Rh(dcpm)(n?-H3B-NMe3)I[A{OC(CFs)3}4] (6) (n = 2, 3).
[AI{OC(CF3)3}4] anion not shown.

The NMR spectra of 6 resemble those of the analogous
[Rh{Ph,P(CH,),PPh,}(n?-H3B-NMe;)I[BAr",] complexes (n = 3-5).1")
In the 3'P{"H} NMR spectrum of 6 a doublet is observed at 6 -3.7
[J(RhP) 145 Hz]. The "B NMR spectrum contains a broad reso-
nance at ¢ = 16.3; and the corresponding o-bound Rh+H-B reso-
nances appear at 0 -1.75 as a very broad singlet (integral 3 H)
in the "TH NMR spectrum indicating rapid exchange between
bridging and terminal B-H. Unfortunately, 6 did not survive ESI-
MS conditions, and attempts to crystallise 6 resulted in decom-
position, an indication of its relative instability.

Having access to small bite angle bisphosphine complexes
that were capable of binding amine-boranes, albeit made in
situ, their ability to dehydrocouple H;B:NMe,H was evaluated,
as we have previously shown that the P-Rh-P bite angle has
an influence on the rate of this process.”! The dehydrocoupling
of H3B:NMe,H in 1,2,3-F;C¢H; solvent was investigated using
5 mol-% 2 (Scheme 4). The dehydrocoupling proved to be slow
with only 14 % H3B:NMe,H consumption over 21 h to provide
the dimeric aminoborane [H,BNMe,l, (8 %), alongside small
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quantities of other common dehydrocoupling products includ-
ing transient H,B=NMe,, H3;BNMe,BH,NMe,H, [BH,(NMe,H),]1*
and H,B(u-H)NMe,BH, as measured by "B NMR spectro-
scopy.l'>32734 |n the 3'P{"H} NMR spectrum only one major
phosphorus-containing species was observed (7), as a complex
second-order multiplet at 6 = 55.9, hinting at the formation of
a dimeric species.!>! A very broad resonance is observed in the
"B NMR spectrum at 0 = 59.0, with nothing observed to lower
field. In the "TH NMR spectrum two very well resolved multiplets
were observed in the high field region at 6 = -4.87 and -7.91,
with relative integrals of 2:1 respectively, which do not sharpen
upon "B decoupling, but do simplify on decoupling 3'P. This
suggests there are no significant ''B--'H interactions. In the
ESI-MS spectrum, a peak at m/z = 1080.51 is observed, with
an isotope pattern consistent with the gross formulation of a
bimetallic monocation [{Rh(dcpm)},H3(BNMe,)I*. A similar
dimerisation has been seen upon reaction of [Rh{R,P(CH,)sPR,}-
(n8-FCeH5)IBArF,] (R = iPr, Ph) with H3B-NH;, where the bridging
aminoborane [{Rh(R,P(CH,)sPR,)}(1-H)(u-H,BNH,)IBAF,] [R =
iPr (I), Ph (II)] is formed, and the data for 7 are similar.®

Cy,p— PCy2_| @
Me, _Me
2 (5 - 35 mol%) I H
HiB-NMeH ——————— H‘RhiB)Rh’
1,2,3-F4CeH3 H
CysP—____—~PCy»
7

+ boron containing products

Scheme 4. Attempted dehydrocoupling of Hs;B:NMe,H and formation of
[{RhH(u-dcpm)}, (u-H) (u-BNMe ) ITAHOC(CF3)sl4] (7). [AHOC(CF3)s},]- anion not
shown.

Crystalline material of complex 7 was obtained by recrystalli-
sation from 1,2,3-F3C¢Hs/pentane. In the bulk this was always
contaminated with a boron-containing species identified as the
boronium salt [H,B(NMe,H),]* [6("'B) = -2.0 ppm, J(BH) =
115 Hz; lit. 6("'B) = -2.8 ppm, J(BH) = 113 Hz],3 but this did
allow a single-crystal X-ray diffraction study to be performed,
the results of which are shown in Figure 1. The solid-state struc-
ture shows a rearrangement of the bisphosphine ligands upon
dimerisation, and complex 7 contains bridging dcpm ligand in
an A-frame motif'®”! and an aminoborylene BNMe, group. The
{Rh(u-dcpm)}, construct resembles that of other binuclear
rhodium systems with similar ligands.283°1 Although the
hydride ligands were not located in the final Fourier difference
map, the combination of NMR spectroscopic evidence and DFT
studies (vide infra) confirm the presence of one bridging
hydride trans-disposed to one terminal Rh—-H at each Rh centre,
with the overall formulation [{RhH(u-dcpm)},(p-H)(u-BNMe,)]-
[AI{OC(CF5)s}4] (7). The geometry about each Rh is pseudo-
square pyramidal, interestingly with a vacant coordination site
trans to the borylene ligand. The cation has overall non-crystal-
lographic C,, symmetry. The Rh-B distances [2.015(6) and
1.983(7) A] are shorter than those in the related bridging
aminoborylene  complex  [{Rh(1>-CsHs)(CO)},{u-BN(SiMes),}
[2.054(2) Al¥9 and aminoborane complex [{Rh(PiPr,(CH,)s-

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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PiPry)}(u-H) (u-BHoNHL)IIBAIT 1 [I, 2.055(5), 2.070(5) AJB®! but fall
within the range seen for monomeric rhodium aminoboryl
complexes of 2.034-1.929 Al1941421 The B-N distance in 7
[1.379(8) Al is comparable to that measured in bridging amino-
borylenes, for example [{Rh(1>-CsHs)(CO)},{u-BN(SiMes),}

[1.399(6) AL and the only structurally characterised p-BNMe,
example [{Mn(n3-CsHs)(CO),}(u-BNMe,)] [1.39(1) A].[43!

Figure 1. Solid-state structure of the cationic portion of complex 7, hydrogen
atoms omitted. (a) Viewed down the P-Rh-P axis. (b) Viewed down the B-N
axis. Displacement ellipsoids are shown at the 50 % probability level. Selected
distances [A] and angles [°]: Rh1-:Rh2, 2.8266(5); Rh1-B1, 2.015(6); Rh2-BT1,
1.983(7); B1-N1 1.379(8); Rh1-P1, 2.2931(13); Rh1-P4, 2.3084(13); Rh2-P2,
2.2983(13); Rh2-P3, 2.2953(13); P1-Rh1-P4, 172.66(5); P2-Rh2-P3, 172.81(5).

The "B NMR chemical shift observed for 7 (6 = 59.0) sug-
gests a bridging aminoborane motif [cf. I, 6(''B) 51.11.5% How-
ever, the sharp signals observed for the hydrides in the "TH NMR
spectrum, that are unaffected by ''B coupling, point to a bridg-
ing dihydrido aminoborylene motif, which would be expected
to show lower field chemical shifts in the "B NMR spectra
(>90 ppm),#°44 although examples have been observed as far
upfield as 74 ppm."*>! An obvious geometric distinction be-
tween a bridging aminoborane (p-H,BNR,) and a bridging
aminoborylene dihydride (u-BNR,) structure is the orientation
of the NR, moiety with respect to the RhBRh plane, as depicted
in Figure 2. In the former case, e.g. I, a significant twist angle
of 30.92° is observed between the RhBRh and HNH planes of |
so as to maximise the orbital overlap between the B-H bonds

(a) (b)

H2

C51 C52 B3 S
N N1
h“ Il
_B1
H1 Bl H2 H177TH2
N o N 5" R
Rh1 Rh2 RhA1 Rh2

Figure 2. Solid state structures of the Rh,BNR, cores of (a) p-aminoborylene
7 (R = Me), and (b) p-aminoborane I (R = H)3% viewed down the B-N axis.
Displacement ellipsoids are shown at the 50 % probability level. Twist angles
[°l: (a) plane(Rh1B1Rh2)/plane(C51N1C52) 7.25°% (b) plane(Rh1B1Rh2)/
plane(H4N1H5) 30.92°.
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and Rh centres.®® This interaction is not present in 7 or
[{Mn(1>-C5H5)(CO),},(1-BNMe,)1,3! hence minimal twist angles
are observed between the RhBRh and CNC planes of 7.25° and
8.38°, respectively. We postulate that the vacant coordination
site trans to boron in complex 7 modifies the chemical shift to
such an extent that the signal for the borylene is observed
about 30 ppm to higher field than expected.

Density functional theory calculations® in conjunction with
Quantum Theory of Atoms in Molecules (QTAIM) and Natural
Bond Orbital (NBO) analyses have been employed to investigate
the electronic structure of 7 (see Figure 3). Full geometry opti-
misation with the BP86 functional provided excellent agree-
ment for the heavy atom positions and confirmed the presence
of two terminal and one bridging hydride and square-pyramidal
coordination around each Rh centre. Long H1+B1 and H2..:B1
distances in excess of 2.9 A preclude any direct bonding interac-
tion and this is confirmed by the lack of a bond path between
these centres (Figure 3a). In contrast, bond paths are computed
between B1 and both Rh centres, as well as between Rh1/H1

{b) Distance/A pfr) &  H(r)
Rh1-B1 2.01 012 005 -0.08
Rh1-H1 1.61 013 001 -0.06
Rh1-H3 180 008 002 -0.02
B1-N1 1.41 020 013 -0.16

ORhi-H1

Figure 3. (a) Contour plot of the total electron density of the central part of
7 presented in the {Rh1B1Rh2} plane highlighting key bond paths and associ-
ated bond critical points (BCP, in green) and the ring critical point (RCP, in
red). (b) Computed key distances and BCP metrics (a.u) for bond paths associ-
ated with Rh1 [o(r) = electron density; € = bond ellipticity, H(r) = total energy
density; the computed structure has effective C,y symmetry and so equiva-
lent data are associated with Rh2, see Supporting Information]. (c) Natural
bond orbitals highlighting Rh1-B1 and Rh1-H1 bonding (C-H hydrogens re-
moved and Cy groups truncated at C1 for clarity).

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and Rh2/H2. The associated bond critical points (BCPs) exhibit
negative values of the total energy density H(r) and low elliptici-
ties, €, characteristics of o0-bonding that is predominantly cova-
lent in nature. This contrasts with the y-H,BNH, motif in | where
the BCPs associated with the Rh—-H and Rh-B bond paths have
large ellipticities of about 0.5 au reflecting the anisotropic B-
agostic Rh«—H-B interaction.!®®! The presence of the bridging
hydride in 7 means that a ring critical point is seen between
the Rh centres. The computed Rh1--Rh2 distance of 2.85 A is
in good agreement with the experimental value of 2.8266(5) A.
The lack of any Rh1-:Rh2 interaction is confirmed in the NBO
analysis which highlights three Rh-based (d-orbital) lone pairs,
as well as Rh1-H1/Rh2-H2 and Rh1-B1/Rh2-B1 bonding orbit-
als. In contrast NBO calculations on [{Rh(1n>-CsHs)(CO)},{u-BN-
(SiMes),}] clearly locate a Rh—Rh bonding orbital consistent with
the presence of a metal-metal bond (see Supporting Informa-
tion).

The formation of 7 is postulated to proceed in a similar man-
ner to | and Il (Scheme 5).13¢ Displacement of the fluoroarene
ligand enables initial formation of a 0-H3B:NMe,H complex (A),
analogous to complex 6. Subsequent B-H oxidative cleavage
yields the intermediate aminoboryl B, from which elimination
of the boronium salt [H,B(NMe,H),]* (observed at the end of
the reaction) generates a neutral “{RhH(dcpm)}” fragment C.
NMe,H arises from H3;B-NMe,H dissociation, consistent with the
observation of H,B(u-H)NMe,BH, in the reaction. It has previ-
ously been shown that hydrogenation of [Rh(R,PCH,PR,)-
(n3-CH,Ph)] (R = Cy, iPr) affords the A-frame bridging bisphos-
phine complex [RhH(p-R,PCH,PR,)(u-H)15,#”! and an equivalent
rearrangement has been noted in the reaction of
[Rh(iPr,PCH,PiPr,)(CO)(n3-CsHs)]l with H, to form [Rh(u-iPr,-

®
Csz/\““PCyz—l
Me, ,Me

% LF  ngnmes h

® i H Bee gl -H
<\Rh—@ —_— 1y, Rh(H:Rh
P/ F 1 ,2,3 —F303H3
Cys Cy,P~___~PCy;

2

4

1L HgB'NMezH

Cy,P— —~PCy,
Cy, Me, .Me
P NMeH N
N @ H, / f
Rh{ B, 4, Ho LB
B’ CH Y lp " TREZ RN
Cy; ‘
A Cy,P—____—~FCy»
D
ﬂ +HB(Me 1 A
Cy2 H NMeH " gyz "
@ /
@ B. N
{ R H » [ Rh.
pf H ~ [HoB(NMe,H) ] pf H
Cyz Cyz
B c

Scheme 5. Proposed mechanism of formation of 7. [AOC(CF3)s},]™ anion not
shown.
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PCH,PiPr,)(CO)(u-H)1,.13*! Presumably these dimerisations are
driven by ring strain. We thus propose that dimerisation of C
first forms a neutral bridging A-frame complex, [RhH(dcpm)],
which then undergoes protonation by a half equivalent of
[H,B(NMe,H),1* to form a bridging aminoborane D. Complex 7
then results from a double B-H activation of D to form a bridg-
ing aminoborylene dihydride. Interestingly this does not occur
with the R,P(CH,)3PR; ligands in I and Il in which there is not
an A-frame motif.!*®! Similar geminal C-H activations of alkenes
are effected by [{Ir(u-Et,PCH,PEt,)(CO)},(u-H)(u-CO)I* 38 and
[{Ir(u-Ph,PCH,PPh,)},(u-CO)(CH3)(CO)I*.14841 Such C-H activa-
tions are proposed to proceed via a cooperative mechanism
wherein m-complexation of H,C=CRR’ to one metal enables o-
CH complexation at the other metal and consequently C-H
cleavage. This bears parallels with the double B-H activation of
transient H,B=NMe, observed here, although aminoboranes
bind end-on rather than the side-on mode adopted by alk-
enes.’>>" Aminoborane to aminoborylene transformations by
double B-H activation of H,B=NR; (R = Cy, iPr) have been ob-
served with mononuclear iridium and ruthenium com-
plexes,%>31 and related transformations on boranes are also
known.>#>31 However, to the best of our knowledge the com-
plete amine-borane to aminoborylene transformation is un-
precedented, and represents a new method for the preparation
of bridging borylenes.

Conclusions

The marriage of the very weakly coordinating anion
[A{OC(CF3)s}4]” and fluoroarenes 1,2-F,CgH, and 1,2,3-F3CgH5
enables the synthesis and isolation of a previously inaccessible
o-amine-borane complex of a small bite angle phosphine. The
ring strain imposed by the dcpm ligand leads to unprecedented
chemistry with amine-boranes, culminating in formation of
a bimetallic aminoborylene [{RhH(u-dcpm)},(p-H)(u-BNMe,)]-
[AI{OC(CF53)3},4], the nature of which is confirmed by DFT calcula-
tions and QTAIM and NBO analyses.

Experimental Section

All manipulations, unless otherwise stated, were performed under
an argon atmosphere using standard Schlenk line and glovebox
techniques. Glassware was oven dried at 130 °C overnight and
flame dried under vacuum prior to use. Pentane and CH,Cl, were
dried using a Grubbs type solvent purification system (MBraun SPS-
800) and degassed by three successive freeze-pump-thaw cycles.
1,2-F,CgHy4 (purchased from Fluorochem, pretreated with alumina),
1,2,3-F3CgH3 (purchased from Fluorochem, pretreated with alumina)
and CD,Cl, were dried with CaH,, vacuum distilled and stored over
3 A molecular sieves. H;B:-NMe; and H;B:NMe,H were purchased
from Sigma-Aldrich and sublimed prior to use. LI[A{OC(CF5)3},]%"!
and [Rh(COD)CI1,® were prepared by literature methods. All other
chemicals were obtained from commercial sources and used as re-
ceived.

NMR spectra were recorded with a Bruker AVIIIHD 500 or Bruker
AVIIIHD 400 nanobay spectrometer at room temperature, unless
otherwise stated. In 1,2-F;C¢H,4 and 1,2,3-F3C¢H3, "H NMR spectra
were prelocked to a sample of C4Dg (25 %) and 1,2-F,CgH,4 (75 %)
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and referenced to the centre of the downfield solvent multiplet, 6 =
7.07 and 6.96 ppm, respectively. 3'P, V"B and '°F NMR spectra were
referenced against 85 % HsPO, (external), BF;-OEt, (external) and
CCIsF (external), respectively. Chemical shifts (0) are quoted in ppm
and coupling constants (J) in Hz. ESI-MS data were recorded with a
Bruker MicrOTOF instrument interfaced with a glove-box. Micro-
analyses were performed by Stephen Boyer at London Metropolitan
University.

[Rh(COD),1[A{OC(CF)3},]: Prepared according to the literature
procedure for [Rh(COD),I[BArf, 1577 An orange solution of
[Rh(COD)CI], (0.585 g, 1.19 mmol) and 1,5-cyclooctadiene (0.2 mL)
in CH,Cl, (20 mL) was degassed by bubbling argon through the
solution for 15 min. The solution was then added dropwise to a
colourless slurry of LI[AHOC(CF3)s}4] (2.31 g, 2.37 mmol) in CH,Cl,
(60 mL) with vigorous stirring at ambient temperature. The colour
of the slurry immediately changed to dark red. The reaction mixture
was stirred at ambient temperature for a further 16 h and then
filtered. The supernatant was then concentrated under vacuum (ca.
50 mL). Cooling to —20 °C overnight afforded a red crystalline solid
which was isolated by decanting, washed with pentane (2 x 2 mL)
and dried under vacuum. Further concentration followed by cooling
afforded a second crop. Yield (2.53 g, 83 %). 'H NMR (CD,Cl,,
400 MHz): 6 = 5.26 (s, 8 H, COD-CH), 2.55 (s, 16 H, COD-CH,) ppm.
19F{'H} NMR (CD,Cl,, 376 MHz): 6 = -75.8 (s) ppm. ESI-MS (1,2-
F,CgHa4, 60 °C, 4.5 kV): m/z 319.10 (calculated 319.09 for [Rh(COD),]*
fragment). C3,H,4AIF360,4Rh (1286.35): calcd. C 29.88, H 1.88; found
C 2993, H1.91.

[Rh(dcpm)(COD)I[A{OC(CF3)s}4]: Prepared according to the litera-
ture procedure for [Rh(dcpe)(COD)I[BArT,1.58 A solution of
[Rh(COD),I[AHOC(CF3)3}4] (400.2 mg, 03111 mmol) in CH,Cl,
(10 mL) was treated dropwise with a solution of dcpm (127.1 mg,
0.3111 mmol) in CH,Cl, (70 mL) at —78 °C with vigorous stirring.
Upon complete addition the colour of the reaction mixture
changed from burgundy to orange. The reaction mixture was
warmed to ambient temperature and stirred for 16 h. The solution
was concentrated to 10 mL under vacuum and pentane (50 mL)
was added to precipitate an orange solid which was isolated by
filtration, washed with pentane (3 x 10 mL) and dried under vac-
uum. Yield 436.9 mg (0.2753 mmol, 89 %). The powder was then
extracted into the minimum amount of CH,Cl, and layered with
pentane, which afforded large orange crystals suitable for an X-ray
diffraction study. "H NMR (500 MHz, CD,Cl,, 298 K): 6 = 5.38 (br. s,
4 H, COD-CH), 3.00 (td, Zpyy = 10, 3Jgpy = 1 Hz, 2 H, PCH,P), 2.33 (s,
8 H, COD-CH,), 2.11-1.77 (br. m, 24 H, Cy), 1.45-1.22 (br. m, 20 H,
Cy) ppm. 3'P{"H} NMR (202 MHz, CD,Cl,, 298 K): 6 = -27.4 (d, "Jgpp =
126 Hz) ppm. "°F{'H} NMR (470 MHz, CD,Cl,, 298 K): 6 = -75.8 (s)
ppm. ESI-MS (1,2-F,C¢Ha, 60 °C, 4.5 kV): m/z 619.32 (calculated
619.31 for [Rh(dcpm)(COD)I* fragment). CyoHsgAIF360,4P,RN
(1586.76): calcd. C 37.09, H 3.68; found C 37.18, H 3.59.

[Rh(dcpm)(COD)I[BAFF,]: Prepared according to the literature pro-
cedure for [Rh(dcpe)(COD)I[BArT,1.1%8 A solution of [Rh(COD),]-
[BArF,] (349 mg, 0.295 mmol) in CH,Cl, (40 mL) was treated drop-
wise with a solution of dcpm (122 mg, 0.299 mmol) in CH,Cl,
(20 mL) at -78 °C with vigorous stirring. Upon complete addition
the colour of the reaction mixture changed from burgundy to or-
ange. The reaction mixture was warmed to ambient temperature
and stirred for 16 h. The solution was concentrated to 5 mL under
vacuum and pentane (50 mL) was added to precipitate an orange
solid which was isolated by filtration, washed with pentane (3 x
10 mL) and dried under vacuum. Yield 408 mg (0.275 mmol, 93 %).
The powder was then extracted into the minimum amount of
CH,Cl, and layered with pentane, which afforded large orange crys-
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tals suitable for an X-ray diffraction study. "H NMR (500 MHz, CD,Cl,,
298 K): 6 = 7.72 (s, 8 H, ortho-BAr,), 7.56 (s, 4 H, para-BAr",), 5.37
(br. s, 4 H, COD-CH), 2.99 (t, br, 2Jpy = 10 Hz, 2 H, PCH,P), 2.31 (s, 8
H, COD-CH,), 2.08-1.76 (br. m, 24 H, Cy), 1.43-1.20 (br. m, 20 H, Cy)
ppm. 3'P{"H} NMR (202 MHz, CD,Cl,, 298 K): 6 = -27.5 (d, "Jgnp =
126 Hz) ppm. "F{'"H} NMR (470 MHz, CD,Cl,, 298 K): 6 = -62.9 (s)
ppm. ESI-MS (1,2-F,C¢H,, 60 °C, 4.5 kV): m/z 619.32 (calculated
619.31 for [Rh(dcpm)(COD)]* fragment). CgsH,oBF,4P-Rh (1482.88):
calcd. C 52.65, H 4.76; found C 52.41, H 4.81.

[Rh(depm)(1,2-F,C¢H)IIAKOC(CF5)3},]  (1): [Rh(dcpm)(COD)I-
[A{OC(CF3)3}4] (100 mg, 63.0 pmol) was dissolved in 1,2-F,CH,
(5 mL) in a J. Young flask. The solution was freeze-pump-thaw de-
gassed three times and refilled with H, (4 atm). The reaction mix-
ture was stirred for 16 h, over which time the colour the solution
changed from orange to yellow. Volatiles and excess H, were re-
moved under vacuum and the resultant solid was washed with
pentane (2 x 5 mL). The solid was extracted into the minimum vol-
ume of CH,Cl,, filtered and layered with pentane to afford yellow
crystals suitable for X-ray diffraction which were isolated by filtra-
tion and dried under vacuum. Yield: 80 mg (49 umol, 78 %). "H NMR
(400 MHz, CD,Cl,, 298 K): & = 6.90 (m, 2 H, F,CgHy), 6.17 (m, 2 H,
F,CsHa), 2.70 (td, 2Jpy = 10, 3Jgny = 2 Hz, 2 H, PCH,P), 1.94-1.63 (br.
m, 24 H, Cy), 1.40-1.03 (br. m, 20 H, Cy) ppm. 3'"P{"H} NMR (162 MHz,
CD,Cl, 298 K): & = =104 (d, "Jgne = 168 Hz) ppm. "°F{'H} NMR
(376 MHz, CD,Cl, 298 K): 6 = -75.8 (s, 36 F, CF3), =146.3 (d, ZJgpnr =
3 Hz, 2 F, F,CgHa) ppm. ESI-MS (1,2-F,CgHa, 60 °C, 4.5 kV): m/z 625.24
(calculated  625.24  for  [Rh(dcpm)(1,2-F,CgH4)1*  fragment).
Ca7HsoAIF350,P5Rh (1592.67): caled. C 35.44, H 3.16; found C 35.51,
H 3.19.

[Rh(dcpm)(1,2,3-F3C¢H3)I[A{OC(CF3)3},]  (2):  [Rh(dcpm)(COD)I-
[A{OC(CF3)s}4] (107 mg, 67.4 pmol) was dissolved in 1,2,3-F3CgH3
(0.4 mL) in a high pressure J. Young NMR tube. The solution was
freeze-pump-thaw degassed three times and refilled with H,
(4 atm). The solution was stirred for 4 h, over which time the solu-
tion changed from orange to yellow. Excess H, was removed by
three freeze-pump-thaw cycles and the fluoroarene complex was
characterised by NMR spectroscopy in situ. The solution was filtered
and layered with pentane to afford yellow crystals suitable for X-
ray diffraction which were isolated by filtration and dried under
vacuum. Yield: 88 mg (55 pumol, 82 %). '"H NMR (400 MHz, 1,2,3-
F3CgHs, 298 K): 0 = 6.56 (br. s, 2 H, 1,3-F3C4Hs), 6.49 (br. m, 1 H, 2-
F3CgH3), 2.85 (t, br, 2Jpy = 10 Hz, 2 H, PCH,P), 2.00-1.67 (br. m, 24
H, Cy), 1.44-1.13 (br. m, 20 H, Cy and cyclooctane) ppm. 3'P{'H}
NMR (162 MHz, 1,2,3-F3CgHs, 298 K): 6 = -10.9 (d, "Jgnp = 167 Hz)
ppm. "°F{'H} NMR (376 MHz, 1,2,3-FsC¢Hs, 298 K): 6 = -75.8 (s, 36
F, CF3), -146.7 (br. d, 3Jgr = 30 Hz, 2 F, 1,3-F3CgHs3), —167.1 (br. d,
3Jep = 30, Zgpe = 5 Hz, 1 F 2-F3CgHs) ppm, [Rh(dcpm)(1,2,3-
F3CsH3)I[AI{OC(CF3)3}4] did not persist under ESI-MS conditions.
Ca7HaoAIF360,4P-Rh (1610.66): caled. C 35.05, H 3.07; found C 35.19,
H 3.01.

[Rh(depm)(1,2-F,C¢H)IIBAF, ] (3):  [Rh(dcpm)(COD)I[BAIF,]
(50 mg, 33.7 umol) was dissolved in 1,2-F,CgH4 (5 mL) in a J. Young
flask. The solution was freeze-pump-thaw degassed three times and
refilled with H, (4 atm). The reaction mixture was stirred for 16 h,
over which time the colour the solution changed from orange to
yellow. Volatiles and excess H, were removed under vacuum and
the resultant solid was washed with pentane (2 x 2 mL) and dried
under vacuum. Crystals of 3 were obtained by layering a 1,2-
F,CeH4 solution of 3 with pentane. Yield: 41 mg (27.5 umol, 82 %).
"H NMR (400 MHz, CD,Cl,, 298 K): 0 = 7.74 (s, 8 H, ortho-BAr",),
7.58 (s, 4 H, para-BArF,), 6.91 (m, 2 H, F,CsHy), 6.15 (m, 2 H, F2CsHa),
2.70 (td, Zpyy = 10, 3Jgpy = 2 Hz, 2 H, PCH,P), 1.94-1.63 (br. m, 24
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H, Cy), 1.39-1.03 (br. m, 20 H, Cy) ppm. 3'P{"H} NMR (162 MHz,
CD,Cly, 298 K): & = -10.3 (d, "Jrpp = 169 Hz) ppm. "F{'"H} NMR
(376 MHz, CD,Cl,, 298 K): 6 = -62.9 (s, 36 F, BArt,), -146.2 (br. s, 2
F, F,CgHa) ppm. ESI-MS (1,2-F,CgH,, 60 °C, 4.5 kV): m/z 625.24 (calcu-
lated 625.24 for [Rh(dcpm)(1,2-F,CH,)1* fragment). Cg3Hg,BF PR
(1488.79): calcd. C 50.82, H 4.20; found C 50.93, H 4.26.

In-situ Preparation of [Rh(dcpm)(1,2,3-F3CgH;5)1[BArF,] (4) and
Isolation of [Rh(dcpm){n®-(3,5-(CF3),C¢H3)BArf3}] (5): [Rh(dcpm)-
(COD)I[BArF,] (54 mg, 36.4 umol) was dissolved in 1,2,3-F3CgH;
(0.4 mL) in a high pressure J. Young NMR tube. The solution was
freeze-pump-thaw degassed three times and refilled with H,
(4 atm). The solution was stirred for 4 h, over which time the solu-
tion changed from orange to yellow. Excess H, was removed by
three freeze-pump-thaw cycles and the fluoroarene complex was
characterised by NMR spectroscopy in situ. "TH NMR (500 MHz, 1,2,3-
F3CeHs, 298 K): 6 = 8.06 (s, 8 H, ortho-BAr",), 7.48 (s, 4 H, para-
BArF,), 6.57 (br. s, 2 H, 1,3-F3CgHs), 6.50 (br. m, 1 H, 2-FsC¢Hs), 2.87
(t, br, 2Jpy = 10 Hz, 2 H, PCH,P), 2.02-1.70 (br. m, 24 H, Cy), 1.41-
1.20 (br. m, 20 H, Cy and cyclooctane) ppm. 3"P{'"H} NMR (202 MHz,
1,2,3-F3C¢Hs, 298 K): & = —10.9 (d, "Jrpe = 168 Hz) ppm. "°F{'H} NMR
(470 MHz, 1,2,3-F3C¢Hs, 298 K): 6 = —63.5 (s, 24 F, CF3), —146.0 (br.
d, 3Jge = 30 Hz, 2 F, 1,3-F3C¢H3), -166.0 (t, br, 3Jge = 30 Hz, 1 F, 2-
F3CgHs) ppm. Attempts to crystallise [Rh(dcpm)(1,2,3-F3CgHs)l-
[BArf,] by layering with pentane afforded a yellow solution of
[Rh(depm){n®-(3,5-(CF3),C¢H3)BArT3}]. The solvent was removed un-
der vacuum and the residue was extracted into pentane. Slow cool-
ing of the pentane solution to -20 °C afforded crystals of
[Rh(dcpm){n®-(3,5-(CF3),CeH3)BArf5}] (22 mg, 16 pmol, 44 %). 'H
NMR (400 MHz, F¢Cq, 298 K): 0 = 7.58 (s, 6 H, ortho-BArf, non-
coordinated rings), 7.40 (s, 3 H, para-BAr, non-coordinated rings),
7.21 (s, 2 H, ortho-BArf, Rh-coordinated ring), 6.95 (s, 1 H, para-
BArf, Rh-coordinated ring), 2.80 (br. s, 2 H, PCH,P), 2.04-1.67 (br.
m, 24 H, Cy), 1.36-1.12 (br. m, 20 H, Cy) ppm. 3'P{"H} NMR (162 MHz,
FsCo 298 K): & = =127 (d, Ugne = 172 Hz) ppm. 'F{'H} NMR
(376 MHz, F¢Cq, 298 K): 6 = -61.5 (s, 1 F, BAr", Rh-coordinated ring),
-64.1 (s, 3 F, BArf, non-coordinated rings) ppm. Cs;HsgBF,4P5Rh
(1374.70): calcd. C 49.80, H 4.25; found C 49.89, H 4.34.

[Rh(dcpm)(H;B-NMe;)[AHOC(CF3)3},]  (6):  [Rh(dcpm)(1,2,3-
F3CgH3)I[AHOC(CF3)3}4] (30.0 mg, 18.6 umol) and H;B:NMe; (2.8 mg,
38 pmol) were dissolved in 1,2,3-F3CgHs (0.3 mL) and stirred for
1 min. The solution turned red, and pentane (ca 3 mL) was added
to give a red oil, which, upon sonicating, afforded a red oily solid.
This was isolated by filtration, washed with pentane (3 x 3 mL) and
dried under vacuum. Attempts to purify 6 resulted in isolation of
an oily red solid, NMR spectroscopy of which showed no improve-
ment in purity (ca. 80 % pure). Yield 16 mg (10 pmol, 55 %). NMR
spectra were collected immediately upon dissolution in CD,Cl, as
extended time in solution leads to decomposition of 3. 'TH NMR
(400 MHz, CD,Cl,, 298 K): 6 = 2.91 (br. s, 2 H, PCH,P), 2.79 (s, 9 H,
NMejs), 2.04-1.75 (br. m, 24 H, Cy), 1.46-1.23 (br. m, 20 H, Cy), -1.75
(s, v br, 3 H, BH5, sharpens upon "H-decoupling) ppm. ''B (128 MHz,
CD,Cl5, 298 K): 6 = 16.3 (s, br) ppm. ""B{’H} (128 MHz, CD,Cl,,
298 K): 6 = 16.1 (s, br) ppm. 3'P{'H} (162 MHz, CD,Cl,, 298 K): 6
-3.4 (d, "Jgnp = 145 Hz) ppm. [Rh(dcpm)(H3B-NMe3)I[AHOC(CF5)s},]
did not persist under ESI-MS conditions. Satisfactory elemental anal-
ysis was not obtained.

[{RhH(p-dcpm)}; (p-H)(p-BNMe,) IIAHOC(CF3)s},] (7): [Rh(dcpm)-
(1,2,3-F3CsH3)IIAKOC(CF3)5}a] (81.0 mg, 50.3 pmol) and H3B-NMe,H
(9.3 mg, 16 umol) were dissolved in 1,2,3-F3CgH3 (0.4 mL) and stirred
for two days. Pentane (5 mL) was added to form a yellow precipitate
which was isolated by filtration and washed with pentane (3 X
3 mL). Recrystallisation from 1,2,3-F;CgHs/pentane afforded 7 as yel-
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low crystals suitable for X-ray diffraction (23 mg) that were contami-
nated with recalcitrant [H,B(NMe,H),]J[AKOC(CF5)s},). 'H NMR
(500 MHz, 1,2,3-F3CgHs, 298 K): 0 = 2.78 (s, 6 H, NMe,), 2.21 (t, 2oy =
5 Hz, 2 H, PCH,P), 2.18 (t, Zpyy = 5 Hz, 2 H, PCH,P), 2.66-1.24 (m, 88
H, Cy), -4.87 (br. m, 2 H, Rh-H), =7.91 (br. m, 1 H, RhHRh) ppm. ''B
(160 MHz, 1,2,3-F3CgHs, 298 K): 6 = 59.0 (s, v br) ppm. ""B{'H}
(160 MHz, 1,2,3-F5CgHs, 298 K): & = 59.0 (s, v br) ppm. 3'P{'"H} NMR
(202 MHz, 1,2,3-F3C¢Hs, 298 K): 6 = 55.9 (m) ppm. ESI-MS (1,2-
F,CeHa, 60 °C, 4.5 kV): m/z 1080.51 (calculated 1080.51 for [{RhH-
(u-depm)},(u-H)(U-BNMe,)l* fragment). Satisfactory elemental anal-
ysis results could not be obtained due to contamination of bulk
samples with [H,B(NMe,H),I[A{OC(CF5)3}4].
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