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ABSTRACT: Reaction of the geminal PAI ligand [Mes,PC(=CHPh)AltBu,] (1) 0
with [Pt(PPh,),(ethylene)] affords the T-shape Pt complex [(1)Pt(PPh,)] (2). X- Al— O//c S—CO—S
ray diffraction analysis and DFT calculations reveal the presence of a significant ~ —p_ / !
Pt— Al interaction in 2, despite the strain associated with the four-membered cyclic =~~~ Pt p— H—=H  "~N"">pp
structure. The Pt---Al distance is short [2.561(1) A], the Al center is in a pyramidal ™ b

environment [Z(C—Al-C) = 346.6°], and the PCAI framework is strongly bent (=~777~ Al-assisted reactivity of Pt: :
(98.3°). Release of the ring strain and formation of X—Al interactions (X = O, S, in' & 2 CX, adducts, H-H & H-N bond activation!
H) impart rich reactivity. Complex 2 reacts with CO, to give the T-shape adduct3 ~~ "~~~ "~~~ """ "7 7777°7 .
stabilized by an O—Al interaction, which is a rare example of a CO, adduct of a group 10 metal and actually the first with 7'-CO,
coordination. Reaction of 2 with CS, affords the crystalline complex 4, in which the PPtP framework is bent, the CS, molecule is
*-coordinated to Pt, and one S atom interacts with Al. The Pt complex 2 also smoothly reacts with H, and benzamide
PhCONH, via oxidative addition of H-H and H—N bonds, respectively. The ensuing complexes § and 7 are stabilized by Pt—
H—Al and Pt—NH-C(Ph) = O—Al bridging interactions, resulting in S- and 7-membered metallacycles, respectively. DFT
calculations have been performed in parallel with the experimental work. In particular, the mechanism of reaction of 2 with H,
has been thoroughly analyzed, and the role of the Lewis acid moiety has been delineated. These results generalize the concept of
constrained geometry TM—LA interactions and demonstrate the ability of Al-based ambiphilic ligands to participate in TM/LA
cooperative reactivity. They extend the scope of small molecule substrates prone to such cooperative activation and contribute to
improve our knowledge of the underlying factors.

B INTRODUCTION under stoichiometric or even catalytic conditions.”” These first

The concept of Z-type ligands has considerably advanced over contributions are very promising and stimulate further

the past decade. The ability of Lewis acids (LA) to bind to investigations in this direction. In this context, we aimed in
the present study: (i) to generalize the concept of constrained

geometry TM—LA interactions recently introduced by
Figueroa,6e (ii) to demonstrate the ability of Al-based
ambiphilic ligands to participate in cooperative reactivity, and
(iii) to extend the scope of TM/LA cooperativity to the
formation of CX, adducts and to the activation of H—H as well
as H—N bonds.

The prototypes of Z-type complexes and ambiphilic ligands
are based on boranes, and so far, studies in the field have largely
focused on boron-based Lewis acids. Replacing boron for
aluminum is very appealing and should give rise to noticeably
different properties, given the stronger and harder Lewis acid

transition metals (TM) as o-acceptor ligands is now well-
recognized and actually quite general in terms of the applied
Lewis acid and transition metal.' Ambiphilic ligands with
chelating assistance proved extremely fruitful to introduce
Lewis acids in the coordination sphere, and to control the way
they interact with the metal fragment.” The bonding situation
associated with TM—LA interactions has attracted great
interest.” In addition, the weak and electronically reverse
nature of TM—LA interactions opens very interesting and
unique possibilities in terms of reactivity.”* In particular, a new
type of metal/ligand cooperativity can be envisioned, involving
a Lewis acid moiety instead of an electron-rich or redox-active
site.” This approach has started to be explored recently, and a
few complexes featuring TM—B interactions have been shown Received: February 4, 2016
to promote cooperative activation of H—H and H—E bonds Published: March 15, 2016
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Scheme 1. Synthesis and Structure of the PAl/Pt Complex 2

tBu
tBu_tBu PR Al-tBu
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R CeHg, 70°C,3n  MES—p—Pt—pPh,
/
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1 2 (64%)

“The hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (deg) are as follows: Pt—P1, 2.2855(7); Pt1—P2, 2.2652(7);
Pt1—All, 2.5610(8); Al1-C1, 2.057(3); C1—P1, 1.806(2); P1—Pt1—P2, 168.81(3); P1—Pt1—All, 74.02(3); P2—Pt1—All, 112.21(3); P1-C1-All,
98.3(1); C1—Al1—C31, 117.8(1); C31—Al1—C27, 117.8(1); C1—Al1—C27, 110.0(1).

character of Al compared to B. However, the number and
variety of Al complexes are extremely limited."*” Their
reactivity has only rarely been explored, and so far, it is
essentially restricted to the ionization of M—X bonds. This
prompted us to investigate complexes of the geminal PAI
compound [Mes,PC(=CHPh)AlfBu,] 1. We recently re-
ported the coordination of 1 to Rh, Pd, and Au® In the ensuing
complexes, the Al center interacts with or even abstracts a
chloride at the metal (Rh and Pd), or binds to the metal (Au)
as a Z-type ligand. Here we report a comprehensive study of a
zerovalent Pt complex of 1. It features a relatively strong Pt—Al
interaction, but reacts with a range of small molecules (CO,,
CS,, H,, H,NCOPh) via Pt/Al cooperativity.

B RESULTS AND DISCUSSIONS

The geminal PAI ligand [Mes,PC(=CHPh)AltBu,] (1) was
reacted with [ (Ph;P),Pt(H,C=CH,)] in benzene for 3 h at 70
°C to afford after workup complex 2 as a yellow solid in 64%
isolated yield (Scheme 1). The *P NMR spectrum of 2 shows
two signals of equal intensities at § 9.8 and 46.3 ppm, which are
associated with the Mes,P fragment of 1 and Ph;P, respectively.
Coordination of the PAl ligand to Pt is apparent from the large
Ypep coupling constants (3244 and 3323 Hz, respectively),
while the *Jpp coupling constant (345 Hz) is diagnostic of a
trans arrangement of the two phosphines.'* The olefinic proton
of the PAI ligand in 2 displays a doublet at 6 7.58 ppm in the
"H NMR spectrum with a large *Jyp coupling constant (48.1
Hz). This indicates quaternarization of both the P and Al atoms
upon coordination of 1 to Pt,”'" and thus suggests the presence
of a P->Pt—Al bridging interaction in 2.

Crystals of 2 were grown from a saturated pentane solution
at room temperature. X-ray diffraction analysis confirmed the
*-coordination of the PAI ligand (Scheme 1, right). The Pt
center is three-coordinate and sits in a distorted T-shape
environment. The Mes,P—Pt—PPh; skeleton slightly deviates
from linearity [168.81(3)°], while the Mes,P—Pt—Al and
Ph,P—Pt—Al bond angles are different [74.02(3) and
112.21(3)°, respectively] due to the geometric constraints
associated with the PAl ligand. The Pt—Al distance [2.5610(8)
A] is very close to the sum of the covalent radii (2.57 A),'* and
the environment around Al is noticeably pyramidalized [sum of
bond angles (C—Al-C) = 346.6°, Al is displaced from the C;
plane by 0.44 A]. The four-membered PCAIPt metallacycle is
almost planar (largest deviation from the mean plane <0.1 A),
and the PCAIl moiety is strongly bent (98.3° vs 119.4° in the
free ligand!"'). All these geometric data support the presence
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of a significant Pt—Al interaction in complex 2. Comparison
with the few related systems is worthwhile (Chart 1):"?

Chart 1. Structure and Key Structural Parameters of the
Complexes I, II, ITL, and IV Related to 2 (r refers to the ratio
between the M—LA distance and the sum of covalent radii)

tBu tBu
Ph \ Ph \ H
~tBu ~tBu
~ Al \\(A\I TB\Cyz
MES\p_pt_pphS MES\P_AU_R /N—F’t—CEN—Ar
Mes’ Mes/ Ar
2 1 ]
R = CgFs, CCPh Ar = 2,6-[2,6-(iPr),CgH3],-CgH3
PtAI =2.561 A AuAl = 2.758-2.897 A PtB=2.315A
r=1.00 r=1.07-1.12 r=1.05
PPtAl = 74° PAuUAI = 70-73° NPtB = 66°
SAla = 347° ZAla = 356-358° XBa = 348°
AlMe,

BU~p__pt—pph,
PtAl = 2.369-2.399 A

1 \ PtAr' z 3‘332 A Pt—=AX, r=092-0.93
Fe Fe o7 | LPYAI = 105-117°
PPIAI = 84 N TAlo = 315-326°
SAla = 337°
L = iPraP, CysP, NHC
PhoP—Pt—R~{BU X = Cl, Br
Me,Al v

(i) The Pt—Al distance in 2 is significantly shorter than the
Au—Al distances of the complexes I obtained by
coordination of 1 to gold,Sb which suggests a stronger
TM—LA interaction in 2, in line with the higher Lewis
basicity of Pt vs Au.

(i) Figueroa reported a Pt(0) complex II with an imine-
borane ligand (N=C-B) and observed a significant
Pt—B interaction.”® In this case, the PtB distance slightly
exceeds the sum of covalent radii (by $%) and the NPtB
bite angle is even more acute (66.0°).

(iii) Emslie coordinated a 1,1’-diphosphinoferrocene with a
lateral Al center (PPAl) to Pt complex III and
characterized a dinuclear species with strong Pt—Al
interactions.” The geometry at Pt is close to T-shape
(PPtAl = 84°), and the PtAl distance (2.482 A) is shorter
than in 2 due to reduced steric shielding around Al and
formation of a 5- instead of 4-membered metallacycle.

(iv) Braunschweig prepared a series of Pt—AlX; complexes
IV (X = Cl, Br),"" which feature stronger Pt—Al

DOI: 10.1021/jacs.6b01320
J. Am. Chem. Soc. 2016, 138, 4917—4926


http://dx.doi.org/10.1021/jacs.6b01320

Journal of the American Chemical Society

interactions, in line with the higher Lewis acidity of the
Al atom and the absence of geometric constraints.

In order to get further insight into the nature of the Pt—Al
interaction in 2, a theoretical study was carried out at the -
B97X-D/6-31G** level of theory'® (Def2-TZVP and asso-
ciated core potential for Pt, 6-31G** for all non—metallic
atoms, 6-311+G** for the hydrogens involved in the reaction)
using the Gaussian09 suite of software.'® The influence of
solvation (dichloromethane) has been taken into account in the
reported Gibbs energies, using the PCM/SMD model
implemented in Gaussian. First, the open and closed forms of
the PAI platinum complex 2 were optimized (Scheme 2). It was

Scheme 2. Computed Structures for 2 and 2-open
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found that the closed form is more stable by 18.1 kcal mol™
(AH = 20.1 kcal mol™'), confirming our experimental
observations of a Pt—Al interaction. To gain more insight,
we performed second-order perturbation NBO analyses that
confirmed the presence of a Pt—Al donor—acceptor interaction
between a filled Pt(Sd) orbital and an empty Al(3p) orbital
(Figure 1). The TM—Al interaction is much stronger in 2 than
in related Au complexes (see the Supporting Information),*
for which the energy difference between the open and closed
forms is only 6.7—9.1 kcal mol ™.

Next, we studied the reactivity of the Pt—Al complex 2
toward small molecules. The importance of carbon dioxide
fixation and transformation at transition metals'’ prompted us
to test the reaction of 2 with CO, first. A smooth reaction
occurs at room temperature under 1 bar (Scheme 3).
Conversion is complete after 17 h, and a new complex 3 is
formed (85% spectroscopic yield). The reaction is irreversible.
Complex 3 does not convert back to 2, but it slowly
decomposes both in vacuum and in solution into unidentified
products (~15% decomposition after 10 h). Yet, it could be
isolated with a yield of 45% as a white solid upon precipitation.
The large *Jpp coupling constant (312 Hz) observed between
the two *'P NMR signals at § 28.1 and 31.9 ppm indicates that
the two phosphines remain trans in 3 (YJpp, = 3279 and 3274
Hz). The '"H NMR spectrum confirms the integrity of the PAl
ligand and displays the olefinic proton at 6 7.13 ppm, again with

a large Jyp coupling constant (33.8 Hz). Besides the
characteristic signals for the PAl ligand and PPh,, the “C
NMR spectrum also shows a doublet of doublets at § 136.9
ppm with small ], coupling constants (4.4 and 3.3 Hz). Based
on PC labeling studies (using '*CO,), this signal can be
unambiguously assigned to coordinated CO, and the direct Pt—
CO, connectivity can be inferred from the presence of a large
"Jepe coupling constant (1258 Hz). Colorless crystals of 3 were
obtained from a THF/pentane solution at —20 °C."® The X-ray
diffraction analysis revealed CO, insertion into the Pt—Al bond
(Scheme 3, right), resulting in a T-shape Pt complex. The two
phosphines are in trans arrangement [P—Pt—P 176.46(8)°],
and CO, is coordinated perpendicularly [Mes,P—Pt—C and
Ph;P—Pt—C: 91.0(3) and 92.0(3)°, respectively]. The CO,
molecule is bent [O—C—0 122.9(9)°] and rotated by 52.1°
from the Pt coordination plane. Only the carbon atom is
bonded to Pt [Pt—C 1.96(1) A); the CO, molecule is n'-
coordinated. One of the oxygen atoms interacts with the
aluminum center [O—Al 1.833(7) A], resulting in a 6-
membered metallacycle. The corresponding C—O bond is
elongated [1.30(1) vs 1.22(1) A], and the environment around
Al is pyramidal [Z(C—Al-C) = 347°, Al is displaced from the
C; plane by 0.42 A]. Note that the fourth coordination site of
Pt (trans to CO,) is engaged in a § agostic interaction with one
of the ortho-Me groups of the Mes,P moiety. The
corresponding Pt--C and Pt--H distances [2.69(1) and
2.0417 A, respectively] and the Pt--H—C bond angle
[121.7°] fall in the same range than those reported for three-
coordinate Pt(II) complexes featuring agostic interactions.'”*°
Low temperature 'H and *C NMR analyses of 3 suggest that
the agostic interaction is also present in solution.”!

To further characterize this unique CO, complex, we again
resorted to DFT calculations and found that the reaction of the
masked Pt,Al-based FLP 2 with CO, to generate the T-shape Pt
complex 3 is exergonic by 5.5 kcal mol™' (AH = —11.3 keal
mol™'). The computed structure of 3 (Figure 2, left)
reproduced all the structural features of the X-ray structure,
including the almost linear P—Pt—P angle (178.1°), the out-of-
plane coordinated CO, moiety (63.3°), as well as the agostic
interaction with a neighboring methyl group (Pt--H 2.167 A).
The corresponding C—H bond is slightly elongated (1.111 vs
1.093—1.095 A). Interestingly, 3 is 5.0 kcal mol™" (AH = 1.8
kcal mol™") more stable than its isomer 3’ (Figure 2, middle),
which features a slightly bent P—Pt—P angle (164.2°), an in-
plane coordinated CO, fragment (15.8°), and no agostic
interaction. The #7*-coordinated CO, complex 3-%%, which has
the two phosphines in a cis arrangement (110.9°; Figure 2,

>

Figure 1. Donor (left) and acceptor (right) NBO orbitals involved in the Pt(5d)—Al(3p) interaction of 2 (isovalue: 0.06). H atoms have been

omitted for clarity.
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Scheme 3. Reaction of the Pt—Al Complex 2 with CO, and Molecular Structure of the Resulting 7'-CO, Complex 3

tBu
tBU\\A|"O\_/ 0

th/l\ +

CO, (1 bar)

—_ =

DCM, r.t., 17 h

2

H

/

o
H

Mes—P—Ft—PPh;

3

“The Mes, tBu, and Ph groups are simplified, and the hydrogen atoms and solvate molecules are omitted for clarity. Selected bond lengths (A) and
angles (deg) are as follows: Pt—P3 2.326(2), Pt—P4 2.316(2), Pt—C72 1.96(1), C72—03 1.22(1), C72—04 1.30(1), Al-O4 1.833(7), P3—Pt—P4
176.46(8), P3—Pt—C72 91.0(3), P4—Pt—C72 92.0(3), Pt—C72—04 116.0(7), Pt—C72—03 121.0(7), 03—C72—04 122.9(9).

Figure 2. Optimized structures for 3 (left), 3’ (middle), and 3-#” (right). Selected bond distances (A) and angles (deg) for 3: Pt—P1 2.357, Pt—P2
2333, Pt—C 2.006, Pt—H 2.167, C—O1 1275, C—02 1.213, Al-O1 1.883; P1—Pt—P2 178.1, C—Pt—H 167.6, P1—Pt—C 89.8, P2—Pt—C 92.1, Pt—
C—02 1188, Pt—C—01 112.5, 01-C—02 128.7, C—O1—Al 143.1; 3: Pt—P1 2.329, Pt—P2 2.346, Pt—C 2.032, C—O1 1.270, C—02 1.214, Al—
O1 1.894; P1—DPt—P2 164.2, P1—Pt—C 98.0, P2—Pt—C 97.0, Pt—C—02 115.4, Pt—C—O1 114.7, 01-C—02 129.8, C—O1—Al 142.5; 3—: Pt—P1
2264, Pt—P2 2.412, Pt—C 1.949, Pt—02 2.293, C—O1 1.248, C—02 1.247, Al-01 1.915; P1-Pt—P2 110.9, P1—Pt—C 98.3, P2—Pt—02 117.8, C—
Pt—02 32.9, Pt—C—01 139.6, Pt—C—02 117.8, 01—-C—02 131.5, C—O1—Al 127.1.

Scheme 4. Reaction of the Pt—Al Complex 2 with CS,, and Molecular Structure of the Resulting 77> Complex 4

Ph;

t\Bu

tBu

Ph \A|<—S

CS,
2 S
DCM, rt, 1h  Mes—p—pt—

Mes’
4 (50%)

“The Mes, tBu, and Ph groups are simplified, and the hydrogen atoms and solvate molecules are omitted for clarity. Selected bond lengths (A) and
angles (deg) are as follows: P1—Pt1 2.346 (1), P2—Pt1 2.289(1), Pt1—C19 1.984(S), Pt1—S2 2.384(1), S2—C19 1.619(6), S1—C19 1.670(5), S1—

All 2.446(2); P1—Pt1—P2 111.24(4), C19—Pt1-S2 42.3(2).

right), could also be located on the potential energy surface, but
it is the least stable isomer (AG = 12.8, AH = 6.6 kcal mol™).
The stabilization energy associated with the agostic interaction
in 3 was estimated to be ~1.2 kcal mol™! in G by computing
the fixation of CO, to a related PAl Pt complex featuring
phenyl instead of mesityl groups at P (see Supporting
Information).

The coordination and activation of CO, at transition metals
has attracted huge interest over the last decades.'” Most CO,
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complexes adopt #*CO, coordination, but #'-CO, coordina-
tion has also been observed occasionally.””** Compared with
the other transition metals, relatively little is known about CO,
complexes of the group 10 metals. Some Ni complexes have
been structurally authenticated,”* while a few Pd complexes
have been characterized spectroscopically.”> The T-shape 7'-
structure of 3 is unique and takes advantage of the Lewis acid
center, which favors the bridging coordination of CO, between
Pt and Al, resulting in a 6-membered metallacycle. The

DOI: 10.1021/jacs.6b01320
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Figure 3. Optimized structures for 4 (left) and 4’ (right). Selected bond lengths (A), bond and torsion angles (deg) for 4: Pt—P1 2.328, Pt—P2
2414, Pt—C 1.977, Pt—S2 2.390, C—S1 1.650, C—S2 1.682, Al-S1 2.451; P1—Pt—P2 111.3, P1—Pt—C 102.3, C—Pt—S2 44.1, P2—Pt—S2 102.4,
$2—C—Pt 81.1, C—S2—Pt 54.8, S1—C—S2 134.6, Pt—C—S1 143.8, C—S1—Al 108.9; Pt—P1—Al—S1 22.0, PI—P2—S2—C 3.1; 4': Pt—P1 2.444, Pt—
P2 2.294, Pt—C 1.979, C-S1 1.767, C—S2 1.611, Al-S1 2.538; P1-Pt—P2 114.0, P1-Pt—C 141.6, P2—Pt—C 102.5, Pt—C—S1 78.1, Pt—C—-S2
145.6, S1—C—S2 1362, C—S1—Al 122.8; Pt—P1—Al—S1 25.0, P1—-P2—S1—S2 24.4.

Scheme §. Activation of H, by the PAl/Pt Complex 2 and Computed Structure of the Resulting Pt Complex 5

b BY Bu  tBu
A~ 1BU Ph Al

S H, (3 bar) — H
— |

Mes-p—pt—PPh; 80°C,10h  Mes—p_pt—pph,
Mes Mes |
2 H

5 (80%)

“Selected bond lengths (A) and angles (deg) for 5: P1—Pt 2.345, Pt—P2 2.297, Al-H2 1.798, Pt—H2 1.698, Pt—H1 1.598; P1-Pt—P2 173.5, H1—

Pt—H2 176.6, AlI-H2—Pt 118.4.

presence of the agostic interaction is also noteworthy, and
complex 3 is a rare example of a masked three-coordinate T-
shape Pt complex.”*

Next, the reaction of Pt—Al complex 2 with carbon disulfide
was investigated.'”*****° The new complex 4 was obtained
within 1 h upon stirring 2 with 5 equiv of CS, at room
temperature (Scheme 4). The *'P NMR spectrum shows two
doublets at § 12.3 and 17.3 ppm (Jpp, = 4803 and 3086 Hz,
respectively) with, in marked contrast to 2 and its CO, complex
3, a small Jpp coupling constant (16.8 Hz), indicating a cis
arrangement of the two phosphines. The carbon atom of the
coordinated CS, molecule appears at low field in the '*C NMR
spectrum (6 262.1 ppm) with two very different Jop coupling
constants (2.4 and 79.6 Hz), suggesting a nonsymmetric
coordination to Pt. Here also the direct connection between Pt
and CS, was deduced from *C labeling. Using *CS,, the Pt
satellites could be observed in the *C NMR spectrum and a
large 'Jp; coupling constant was measured (615 Hz). Like in
the CO, case, fixation of CS, is irreversible and complex 4 does
not evolve back to 2 in vacuum. Orange-red crystals of 4 were
obtained from a dichloromethane/pentane solution at —20 °C.
The X-ray diffraction analysis confirmed CS, insertion into the
Pt—Al bond (Scheme 4, right) and revealed a distorted Y-shape
structure with an in-plane coordinated CS, moiety that is
strongly bent [SCS = 137.7(6)°]. As indicated by *'P NMR
spectroscopy, the Mes,P—Pt—PPh; framework deviates sig-
nificantly from linearity [111.24(4)°]. The CS, fragment is 7-
coordinated, with one sulfur atom connected to Pt and the
other one interacting with the Al center. The corresponding
AIS bond is relatively short [2.446(2) A] ,* the environment
around Al is pyramidal [X(C—Al-C) = 351°, Al is displaced
from the C; plane by 0.37 A], and the CS bond is slightly
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elongated [1.670(5) vs 1.619(6) A]. Complex 4 is a rare
example of a Pt—CS, complex.”*** Its structure differs from
those of other complexes by the interaction of the exocyclic S
atom with Al, leading to fused 6- and 3-membered metalla-
cycles.

Also in this case, DFT calculations provided additional
insight. The reaction of the masked Pt,Al-based FLP 2 with CS,
to generate the experimentally ascertained structure 4 (Figure
3, left) is exergonic by 2.7 kcal mol™ (AH = —17.2 kcal mol™").
In this case, only one other isomer could be found (4’; Figure
3, right), which is slightly higher in energy (AG = 0.6, AH = 0.9
kcal mol™') and features fused 5- and 3-membered metalla-
cycles with an exocyclic C=S double bond. The interconver-
sion between 4 and 4’ involves a relatively large energy barrier
(AG* 169, AH* 20.0 kcal mol™!). No #'-coordinated CS,
complex could be optimized, and the corresponding calcu-
lations converged rapidly to 4.

Formally, CO, and CS, react with complex 2 by insertion
into the Pt—Al bond. The electron-rich Pt center attacks the
electrophilic carbon atom while the Al center stabilizes the extra
electron density at O/S. We were then interested to study the
activation of 6-bonds across the Pt—Al interaction of 2 and first
investigated its reaction with dihydrogen. Oxidative addition of
H, across M—B interactions (M = Ni, Co, Pt) has been
recently reported by Peters, Figueroa, and Emslie using PBP,
NB, and PPB ambiphilic ligands, respectively.éb_g The Pt—Al
complex 2 cleanly and quantitatively reacts with H, at 80 °C
and 3 bar (Scheme ). The resulting complex § resonates as an
AB system in the *'P NMR spectrum (6 —17.3 and 28.4 ppm).
The large *Jpp coupling constant (364 Hz) indicates the
retention of the trans arrangement of the two phosphines, while
the 'Jpp, coupling constants significantly decrease from 2 to 5

DOI: 10.1021/jacs.6b01320
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A AGgyyy (AH) (kcal.mol™) TS: 33.0 (26.8)
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Figure 4. Mechanism for Al-assisted activation of H, by Pt—Al complex 2 at 353 K.

Figure 5. Optimized structures of TS, ¢ (left), 6 (middle), and TS,_s (right). Selected bond lengths (A) and angles (deg) for TS,_g: P1—Pt 2.322,
Pt—P2 2.270, Al-H2 2.485, H1—H2 0.757, Pt—H1 2.395, Al-Pt 3.416; P1—Pt—P2 173.2, Pt—H1—H2 170.1, Al-Pt—H1 44.1, Al-H2—H1 73.1; for
6: P1—Pt 2.339, Pt—P2 2.254, Al-H2 1.954, H1—-H2 0.791, Pt—H1 2.109; P1-Pt—P2 168.9, Pt—H1—H2 171.11, Al-Pt—H1 29.0, Al-H2—H1

92.0; for TS¢_g: P1—Pt 2.346, Pt—P2 2.309, Al-H2 1.654, H1-H2 1.635, Pt—H1 1.525; P1-Pt—P2 174.1, Pt—H1—H2 130.9, AI-H2—H]1 129.5,
H1-Pt—H2 25.5.

Scheme 6. Reaction of Benzamide with the Pt—Al Complex 2 via N—H Bond Activation”

tBu_ {Bu Ph
PhC(ONH, pph  AI=<O
2
DCM, rt., 1h P\Pt/NH
Mes”/ _Ft—ppy,
Mes/H 3
7 (82%)

“Molecular structure of the resulting complex 7. The Mes, tBu, and Ph groups are simplified, the hydrogen atoms and solvate molecules are omitted
for clarity. Selected bond lengths (A) and angles (deg) are as follows: P1—Pt1 2.340(1), P2—Pt1 2.259(2), Pt1-N1 2.097(5), Pt1—H 1.41(4); P1—

Pt1-P2 167.56(5), N1—-Pt1—H 174(1).

(from 3244/3323 Hz to 2717/2662 Hz), in line with Pt(0) —
Pt(II) oxidation.”” The '"H NMR spectrum shows two hydridic
signals at § —3.54 and —8.64 ppm with a large *J;;y coupling
constant (20.2 Hz), indicative of a dissymmetric trans Pt
dihydride moiety. This pattern results from the interaction of
one Pt hydride with the Al center (Pt—H—Al bridging
coordination). A similar situation was observed for H,
activation by PPB and NB complexes of Ni and Pt.®"™® The
bridging hydride resonates at lower field (6 —3.54 ppm in the
case of 5, A5 = 5.1 ppm), and the corresponding 'Jpyy coupling
constant is significantly smaller (691 vs 1023 Hz), in line with a
weakening of the Pt—H bond. Finally, the *J, coupling
constants involving the PMes, and PPh; fragments were
resolved by selective *'P decouplings. The NMR data
unambiguously established the structure of 5 as a trans
hydrido-aluminohydride Pt(II) complex, which is formed by
oxidative addition of dihydrogen to Pt and formal insertion of
one of the hydrides into the Pt— Al bond. No sign of H, release
was observed even when 5 was exposed to dynamic vacuum,
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meaning that the oxidative addition is irreversible. Complex $
was isolated as a pale yellow powder in 80% vyield. In the
absence of crystallographic characterization (despite strong
efforts, no crystals of X-ray quality could be obtained), its
structure was analyzed by DFT calculations (Scheme $, right),
which shows a square planar hydrido—aluminohydride complex
with two trans-phosphine donors, a terminal Pt—H bond, and a
hydride ligand bridging Al and Pt.

To shed light on the role of the Lewis acid moiety in this H,
activation process, the mechanism of formation of the Pt
dihydride S5 was studied by DFT calculations, which revealed
some interesting features (Figures 4 and 5). First, dihydrogen is
trapped by complex 2 via insertion into the Pt—Al bond,
creating 6 (AG>? = 26.4, AH* = 15.7 kcal mol™"), in which
H, is end-on coordinated to Pt and side-on coordinated to Al
(Figure S, middle). Intermediate 6 is formed via a late
transition state TS,  (AG™® = 26.1, AH® = 16.4 kcal
mol™), which clearly illustrates the cooperative Pt,Al-based
activation of dihydrogen (Figure 5, left). In this process, the H,

DOI: 10.1021/jacs.6b01320
J. Am. Chem. Soc. 2016, 138, 4917—4926


http://dx.doi.org/10.1021/jacs.6b01320

Journal of the American Chemical Society

molecule is elongated, going from 0.744 A in the free form, to
0.757 A in TS,_¢, and 0.791 A in intermediate 6. Subsequently,
the H—H bond breaks and 6 converts into product 5 (AAG>>
= —30.0, AAH*® = —30.2 kcal mol™!) via TSs_s (AAGHS =
6.6, AAH™ = 11.1 kcal mol™'; HI-H2 1.635 A). Along this
process, H2 remains bound to Al and gradually approaches Pt,
while H1 is moving toward the trans position. According to
NBO charges, the H, molecule is slightly polarized in 6: +0.08
for H1/—0.08 for H2. H1 remains slightly positively charged in
TSe_s (+0.13) while H2 acquires strong hydridic character
(—0.52).

While the overall energetic span is rather high (but not
incompatible with the applied reaction conditions), each step is
facilitated by stabilizing interactions with the Lewis acidic
aluminum moiety (see Supporting Information for the
corresponding non-Al-assisted reaction pathway).

The ability of complex 2 to split dihydrogen and the active
participation of the Lewis acid moiety prompted us to explore
the reaction of a polar X—H bond. To this end, 1 equiv of
benzamide PhCONH, was added to a dichloromethane
solution of 2. Within 1 h at room temperature, a new complex
7 was obtained (Scheme 6). The *'P NMR data are diagnostic
of a trans Pt(II) complex with an AB spin system at § 12.6 and
26.9 ppm, with a large Jpp coupling constant (385 Hz) and Jpp
coupling constants of 2999 and 2890 Hz, respectively. The 'H
NMR spectrum displays a Pt—H signal at § —16.4 ppm (dd,
small Ji;p couplings of 11.8 and 17.0 Hz, 'Jyjp, = 965.8 Hz) and
a broad signal integrating for 1 H at 5.8 ppm attributable to
the NHCOPh moiety. Crystals of 7 were obtained from a
dichloromethane/pentane solution at —20 °C, and an X-ray
diffraction study was performed (Scheme 6, right). The Pt
center is in a square-planar environment with the two
phosphines in trans position [PPtP = 167.56(5)°]. The hydride
at Pt was unambiguously located in the difference Fourier map,
with a rather short Pt—H distance of 1.41(4) A’° The
NHC(O)Ph amide fragment bridges the Pt and Al centers. The
N atom is bonded to Pt, and the O atom strongly interacts with
Al, as apparent from the short OAl distance [1.826(3) A] and
the noticeable pyramidalization of Al [Z(C—Al-C) = 346.3°,
Al deviates from the C, plane by 0.44 A]. Thus, complex 7
results from the oxidative addition of one N—H bond of
benzamide to Pt with formal insertion of the NHC(O)Ph
moiety into the Pt—Al bond. The process is reminiscent of that
observed upon reacting the imino—borane Pt complex (see
Chart S1, SI) with anilines and phenols.6e However, the
formation of a 7-membered metallacycle by a Pt—NH-
C(Ph)=O0—Al bridging interaction is remarkable and
contrasts with the Pt—N/O—B interactions (and S-membered
rings) observed by Figueroa. It is also striking to note that the
free PAI ligand was shown to readily react with benzamide and
protonolysis of the Cy,2—Al bond was observed."'! Thus, the
ambiphilic PAI ligand is protected by coordination to Pt, and it
actually plays a major role in the activation of benzamide by 2,
as demonstrated by control experiments with Lewis acid-free Pt
complexes. Indeed, under similar conditions, no reaction was
observed when [Pt(PPh,),(H,C=CH,)] or [Pt(PCy;),] was
treated with benzamide. Oxidative addition of amide N—H
bonds to Pt is in fact very uncommon.”’

H CONCLUSION

In summary, the Pt(0) complex 2 was readily prepared by
reaction of the geminal PAIl ligand 1 with [Pt-
(PPh;),(ethylene)]. NMR and XRD data, as well as DFT
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calculations, indicate the presence of a significant Pt—Al
interaction. Complex 2, which can be considered as a
unimolecular metal-only Lewis pair,”* displays rich reactivity.
It forms the unique T-shape #'-adduct 3 with CO, and gives
the bent 1*-complex 4 with CS,, which are stabilized by O,S—
Al interactions. Complex 2 also reacts smoothly with H, and
PhCONH, via oxidative addition of the H—H and N—H bonds
to Pt. The ensuing Pt complexes § and 7 are stabilized by Pt—
H—Al and Pt—NH—-C(Ph)=0—Al bridging interactions.
These results demonstrate the ability of Al-containing
ambiphilic ligands to participate in TM/LA cooperative
reactivity and extend the scope of small molecule substrates
prone to such cooperativity (see Chart 2). In addition, the

Chart 2. Schematic Representation of the Borane Complexes
Displaying TM/LA Cooperativity and Associated Small
Molecule Substrates”

Q45

—P—M—PR—
/ \
M = Ni, Co
Peters
/
Y
N—Pt—C=N—
e
Figueroa

this work

“PAl Pt complex studied in this work and compounds engaged in Pt/
Al cooperative reactivity.

mechanistic study carried out on the activation of H, provides
useful information on the role and mode of action of the Lewis
acid moiety. The resulting Pt—H—Al interaction is an
important driving force and the Al center assists the oxidative
addition of H, to Pt. So far, mechanistic studies on TM/LA
cooperativity remain extremely scarce, and very little is known
on the role of LA in such reactions. The results obtained here
with the PAI/Pt complex 2 are hardly comparable with those
reported recently by Peters and Sakaki for PBP/Ni complex-
s (the metal, the Lewis acid, the denticity, and the
framework of the ligand are different). Nonetheless, they
extend the variety of systems displaying TM/LA cooperativity
in small molecule activation. They also contribute to improve
our knowledge of the underlying factors.

Of note, the reactivity of the Pt complex 2 completes and
goes beyond that of the free ligand. The PAl compound 1
forms a cyclic P—C/Al-O adduct with CO,,''* while the Pt
complex 2 gives a unique T-shape 7'-CO, adduct stabilized by
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O—Al interaction. Moreover, the free ligand does not react
with H,"" and undergoes C—Al cleavage with benzamide," '
while H-H and H—N bond activations with cleavage of the
Pt—Al interaction are observed with 2. It is also important to
note that the geminal PAI ligand 1 has quite unique features.
The strain generated upon its coordination to Pt does not
prevent the formation of a significant Pt—Al interaction in 2.
Meanwhile, it enables rich reactivity across the Pt—Al
interaction and the Al center shows versatile ability to stabilize
the ensuing complexes, via O,S—Al or Pt—H—Al interactions,
with formation of 5-, 6-, or even 7-membered metallacycles.
Future work from our groups will seek to develop further the
reactivity of TM—Al complexes. We will particularly endeavor
to exploit the strong affinity of Al for electronegative elements
such as oxygen to mediate challenging transformations.

B EXPERIMENTAL SECTION

General Comments. All reactions and manipulations were carried
out under an atmosphere of dry argon using standard Schlenk
techniques. All solvents were sparged with argon and dried using an
MBRAUN Solvent Purification System (SPS). 'H, '*C, and 3'P NMR
spectra were recorded on a Bruker Avance 500 or 300 spectrometers.
Chemical shifts are expressed with a positive sign, in parts per million,
calibrated to residual 'H (7.24 ppm) and *C (77.16 ppm) solvent
signals and 85% H;PO, (0 ppm), respectively. Otherwise stated, NMR
spectra were recorded at 293 K. Mass spectra were recorded on a
Waters LCT mass spectrometer. The phosphine-alane ligand Mes,P-
(C=CHPh)AIlfBu, 1 was prepared as previously described.""* In the
NMR assignment, the Ph group at C is denoted Ar, the ones at P are
denoted Ar’ and the one on the amide in 7 is denoted Ar"'.

Complex 2. A solution of 1 (50 mg, 0.098 mmol) and
bis(triphenylphosphine) ethylene platinum (0) (72.9 mg, 0.098
mmol, 1 equiv) in benzene (1 mL) was heated at 70 °C for 3h.
The volatiles were then removed under vacuum and the crude mixture
was extracted with pentane (S mL) at room temperature. The
expected product 2 was precipitated from the pentane solution at —60
°C in 64% yield. Yellow crystals suitable for X-ray diffraction analysis
were obtained from a saturated solution in pentane at room
temperature. '"H NMR (500 MHz, 20 °C, CsDg, 8): 1.36 (s, 18H,
tBu), 2.20 (s, 6H, CHjy,ye,), 2.98 (s, 12H, CHy, preo), 685 (d, 4H, ypp
=29 Hz, H, ), 7.12=7.19 (m, 8H, H_,,), 7.24-7.30 (m, SH,
H,om), 7.58 (d, 1H, ¥y = 48.1 Hz, HCCP), 7.80 (m, 2H, H,_..),
7.86—7.93 (m, SH, H,.,.,). *C{'H} NMR (126 MHz, 20 °C, C¢Ds,
8): 20.5 (s br,, 2C, Al(C(CH,)3),), 20.9 (s, 2C, CHj, ), 262 (d, 4C,
Yep = 7.0 Hz, CHy, yie.), 332 (s, 6C, tBu), 1283 (s br,, CH, ), 1286
(d, 6C, Jep = 10.0 Hz, CH,, ), 128.6 (s br,, 2C, CH,), 128.7 (s br,, 2C,
CH,,), 1304 (dd, 2C, 'Jep = 37.9 Hz, *Jcp = 2.0 Hz, Cipgy pres), 130.5
(d, 3G, ¥Jcp = 2.0 Hz, CH,, ), 1312 (d, 4C, *Jcp = 8.0 Hz, CH,,,1e,),
134.0 (dd, 3C, 'Jcp = 45.4 Hz, *Jcp = 1.7 Hz, Cypp ar), 135.3 (d, 6C, Jcp
=12.9 Hz, CHy,), 139.0 (d, 2C, *Jcp = 2.0 Hz, C, \.,), 1424 (dd, 4C,
2]CP =89 Hz, 4]v:P = 1.4 Hz, Co ), 142.5 (d, 3JCP =304 Hz, Cipso—Ar)ﬁ
149.0 (dd, *Jcp = 11.2 Hz, *Jcp = 3.7 Hz, HCCP), 154.0 (d, YJcp = 30.4
Hz, HCCP). 3'P{'H} NMR (202 MHz, 20 °C, C(Dy, ): 9.8 (d, ¥Jpp =
344.8 Hz, 'Jpp, = 3243.9 Hz), 46.3 (d, YJpp = 344.8 Hz, 'Jp, = 3323.0
Hz).

Complex 3. A pressure NMR tube containing a solution of 2 (20
mg, 0.021 mmol) in CD,Cl, (0.4 mL) was loaded with carbon dioxide
(1 bar) during 17h at r.t. The reaction was followed by *'P{'"H} NMR.
The compound could be isolated with a yield of 45% as a white
powder by adding pentane (0.4 mL) to a concentrated solution of 3 in
CD,Cl,. Colorless crystals were obtained by adding pentane (0.2 mL)
to a concentrated solution of 3 in THF at —20 °C. For spectroscopic
data of unlabeled 3, see SI. Spectroscopic data for labeled 3* prepared
by the same procedure are described hereafter. '"H NMR (400 MHz, —
40 °C, CD,CL, 6): 0.70 (s br, 18H, tBu), 2.24 (m, 18H, CHj, y,, and
CHa, pen), 683 (s br,, 4H, H,, o), 7.04 (dd, Jup = 8.8 Hz, Jyp = 34.6
Hz, HCCP), 7.24 (d, 1H, *Juy = 6.9 Hz, CH, ,,), 7.30 (t, 2H, Jyru =
7.1 Hz, CH,,), 7.38 (m, 2H, CH,,), 7.46 (m, 9H, CH,,.), 7.57 (m, 6H,
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CH,,). BC{’H} NMR (101 MHz, — 40 °C, CD,Cl,, §): 16.9 (s br,,
2C, Al(C(CH,)3),), 20.8 (s, 4C, CHi,prer), 23.0 (s br, 2C, CHped)s
332 (s, 6C, tBu), 127.8 (s, 1C, CH, ), 127.9 (s, 2C, CH, ), 128.6
(s, 2C, CH,, ), 128.9 (dd, 6C, Jop = 1.8 Hz, Jep = 8.5 Hz, CH,,),
1302 (dd, 1C, Jep = 12.4 Hz, Jcp = 40.2 Hz, Cg), 130.9 (4, 1C, Jop =
6.8 Hz, CH,, ), 131.3 (s, 1C, CH,,), 133.9 (dd, 1C, Jcp = 3.4 Hz,
Jop = 9.4 Hz, CH,,), 1369 (dd, ¥Jcp = 3.3 Hz, *Jcp = 4.4 Hz, YJcp,
1257.7 Hz, *C0Q,), 141.1 (5, 1C, Cyyy), 141.8 (dd, 1C, Jcp = 6.5 Hg,
Jep = 234 Hz, Cgy), 1424 (m, 1C, Cyyyy), 143.5 (d, 1C, Jop = 8.6 Hz,
Cqua)y 146.5 (dd, 1C, Jep = 6.0 Hz, Jcp = 28.4 Hz, Cy), 147.9 (d, 1C,
Jep = 4.6 Hz, HCCP). 'P{'H} NMR (162 MHz, — 40 °C, CD,CL,
8): 27.5 (d, ¥Jpp = 312 Hz, Jpp, = 3279.3 Hz, YJpc = 4.4 Hz), 29.8 (d,
Yop = 312 Hz, YJpp, = 3273.6 Hz, YJpc = 3.3 Hz).

Complex 4. A NMR tube containing a solution of 2 (20 mg, 0.021
mmol) in CD,Cl, (0.4 mL) was loaded with carbon disulfide (6.5 uL,
0.10S mmol) and allowed to react during 1h at r.t. The solution was
concentrated and pentane (0.4 mL) was added. The solution was
placed at —20 °C for 10 h and the expected product precipitated. It
was obtained as a yellow powder with a yield of 50% after filtration and
removing of volatiles. Orange-red crystals were obtained by adding
pentane (0.2 mL) to a concentrated solution of 4 in CD,Cl, at —20
°C. The labeled complex 4* was prepared following the same
procedure by using labeled '*CS,, and CD,Cl,. 4* was not isolated and
its purity was estimated to 90% by *'P{'H} NMR. 4* was fully
characterized by multinuclear NMR: '"H NMR (500 MHz, — 80 °C,
CD,CL, 8): 048 (s, 9H, tBu), 0.52 (s, 9H, Bu), 1.29 (s, 3H,
CH30—Mes)J 2.03 (S bl’., 3H} CH30—Mes)J 2.12 (S) 3H’ CHZ»p—Mes)! 220 (SI
3H, CHy, o), 2448 (5, 3H, CHj,pre,), 3.03 (s br, 3H, CH,, ye,), 623
(s br,, 1H, H,,pes), 6.35 (s br., 1H, H,, pses), 6.73 (s br., 1H, H, o),
6.85 (s br,, 1H, H,, \), 7-28 (m, 21H, CH,, and CH,,, and HCCP).
BC{H} NMR (125.7 MHz, — 80 °C, CD,Cl,, §): 18.1 (s br, 1C,
AI(Q(CHs)s)z); 19.3 (s br, 1C, AI(Q(CH3)3)2), 204 (s, 1C,
CHSp-Mes)) 20.5 (51 IC! CH}p-Mes)J 24.3 (S) IC; CH3u-Mes)! 254 (S;
1C, CHyyer), 262 (d, 1C, *Jep = 9.8 Hz, CHyonres), 292 (d, 1C, Y
= 11.6 Hz, CH}o—Mes)! 314 (5) 3C, CHS—tBu); 317 (S) 3C, CHS—tBu);
125.3 (d, 1C, Jcp = 33.8 Hz, Cyyor), 126.7 (d, 1C, Jcp = 55.6 Hz, Co),
127.1 (s, CHy,), 128.1 (d, 6C, Jcp = 9.6 Hz, CH,,), 128.2 (s, 3C,
CHy,), 128.4 (d, 1C, Jcp = 7.0 Hz, Cquat), 128.5 (s, CHy,), 129.8 (s,
CH,,), 130.0 (d, 1C, Jep = 74 Hz, CH,, ), 130.8 (d, 1C, Jep = 9.5
Hz, CH,.me0), 1312 (d, 1C, Jep = 6.1 Hz, CH,,p00), 131.5 (d, 1C, Jep
= 7.8 Hz, CH,, ), 132.3 (d, 3G, Jop = 44.2 Hz, Cjp,0r), 133.6 (d,
6C, Jcp = 12.4 Hz, CH,,), 138.2 (d, 1C, Jcp = 16.5 Hz, Cy.), 138.5 (s
br. 1C, Cyo), 139.7 (s br,, 1C, Cy.), 140.6 (d, 1C, Jep = 2.7 Hz,
Caes); 141.8 (d, 1C, Jp = 14.6 Hz, Cy.), 142.0 (d, 1C, Jop = 13.9 Hz,
Comes), 145.1 (s br., 1C, C,pes), 153.9 (d, Jep = 7.7 Hz, HCCP), 262.1
(d br, 1C, ¥Jcp = 2.4 and 79.6 Hz, 'Jop, = 615.1 Hz, 1°CS,). 3'P{'H}
NMR (202 MHz, — 80 °C, CD,Cl, §): 12.3 (dd, *Jpp = 16.8 Hz, *Jpc
= 2.4 Hz, 'Jpp, = 4802.7 Hz), 17.3 (dd, YJpp = 16.8 Hz, ¥Jpc = 79.6 Hz,
Yppe = 3086.3 Hz).

Complex 5. A pressure NMR tube containing a solution of 2 (50
mg, 0.052 mmol) in CD,Cl, (0.3 mL) was loaded with dihydrogen (3
bar) and heated at 80 °C during 10h. Then the volatiles were removed
under vacuum. The product was extracted with DCM (0.4 mL). The
addition of pentane (0.4 mL) to the DCM solution gives the expected
compound § as a clear yellow solid with a yield of 80%. HRMS (ESI):
exact mass (monoisotopic) caled for [C,H,P,Pt]": [M —
(AltBu,+H,)]*, 827.2467; found, 827.2480. 'H NMR (500 MHz, 20
°C, C¢Dg, 6): — 8.64 (ddd, 1H, Yy = 20.2 Hz, FJyypps = 20.4 Hz,
iipMes2 = 6.6 Hz, Jip, = 1023.3 Hz, HPt), — 3.54 (ddd, 1H, *Jyyp; =
20.2 Hz, Yigppns = 112 Hz, i paess = 6.3 Hz, Jype = 691.3 Hz, Al---
HPt), 1.03 (s, 18H, fBu), 2.07 (s, 6H, CHy, ), 276 (s, 12H,
CH;yaes), 675 (d, 4H, *ip = 2.9 Hz, H,, ), 6.96—7.07 (m, 10H,
H, s and H, 5 and H, ), 7.18 (m, 2H, H,, ), 7.36 (d, 1H, *Jyyp =
42.3 Hz, HCCP), 7.56 (m, 2H, H,,.), 7.71 (dm, 6H, H,, ,,). *C{'H}
NMR (126 MHz, 20 °C, C¢Dg, 6): 18.0 (s br,, 2C, Al(C(CH,);),),
208 (s, 2C, CHg, prey), 264 (d, 4C, *Jcp = 6.9 Hz, CHy, ), 329 (s,
6C, tBu), 127.9 (s, 2C, CH,.»,), 128.4 (s, CH,.»,), 128.5 (d, 6C, Jep =
10.5 Hz, CH, ), 129.1 (s, 2C, CH,, »,), 129.9 (dd, 2C, YJcp = 41.7
Hz, *Jcp = 2.1 Hz, Cippppes), 1306 (d, 3C, ¥Jep = 2.1 Hz, CH, ),
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131.6 (d, 4C, *Jcp = 8.2 Hz, CH,,\1o.), 134.6 (dd, 3C, Yp = 51.5 Hz,
*Jep = 2.6 Hz, Cypyar), 134.6 (d, 6C, YJcp = 12.5 Hz, CH,,, ), 139.9
(d, 2C, ¥cp = 2.3 Hz, C, ), 1415 (d, Jp = 28.8 Hz, Cgyye), 1437
(dd, 4C, *Jcp = 8.8 Hz, “Jcp = 2.0 Hz, ¥Jcp, = 19.0 Hz, C, ), 152.3
(dd br,, Jep = 222 Hz, Jp = 4.3 Hz, Jcp, = 20.3 Hz, Cyy,.), 153.5 (dd,
YJep = 12.2 Hz, ¥Jcp = 4.9 Hz, ¥Jcp, = 42.6 Hz, HCCP). 3'P{'H} NMR
(202 MHz, 20 °C, C¢Dy, 6): — 17.3 (d, *Jpp = 363.8 Hz, Jpp, = 2717.4
Hz), 28.4 (d, *Jpp = 363.8 Hz, Jpp, = 2662.3 Hz).

Complex 7. A NMR tube containing a solution of 2 (20 mg, 0.021
mmol) in CD,Cl, (0.4 mL) was reacted with benzamide (2.5 mg,
0.021 mmol) during 1h at rt. The solution was concentrated and
pentane (0.4 mL) was added. The solution was placed at —20 °C for
10h and the expected product precipitated. The product was obtained
as clear yellow crystals by slow diffusion of pentane (0.4 mL) into a
concentrated solution of 7 in CD,Cl, at —20 °C in 82% Yield. 'H
NMR (500 MHz, 25 °C, CD,Cl,, §): — 16.44 (dd, 1H, *J;p = 11.8 Hz,
Yp = 17.0 Hz, Jyyp, = 965.8 Hz), 0.63 (s br., 18H, tBu), 2.19 (s, 6H,
CHayes), 262 (s br., 12H, CH, pe,), 578 (s br,. 1H, NH), 6.61 (m,
2H, H, 4), 6.73 (s br,, 4H, H,, \s), 7.12 (m, 2H, H,, 4), 7.22 (m,
1H, H,5.), 726 (m, 1H, H, 5), 7.31 (m, 2H, Hy,), 7.38 (m, 2H,
H,,), 743 (m, 6H, H, 5), 7.49 (m, 4H, H, , and HCCP), 7.59 (m,
6H, H,, o). ®C{’"H} NMR (126 MHz, 25 °C, CD,Cl,, §): 17.8 (s br.,
2C, Al(C(CHs,);),), 209 (s, 4C, CHs,pges), 27.3 (s br., 2C, CHy, ),
33.0 (s, 6C, tBu), 127.1 (s, 2C, CH, 5,), 127.5 (s, 1C, CH, 4,), 128.0
(s, 4C, CH,, 5.~ and CH,,), 128.9 (s, 2C, CHy,,), 129.1 (d, 6C, Jcp =
10.9 Hz, CH, ), 130.2 (s, 1C, CH, ), 131.3 (d, 3C, Jcp = 1.9 Hg,
CH, ), 131.4 (d br,, 4C, Jep = 7.5 Hz, CH,,.pe0), 131.9 (dd, 3C, Jop =
2.9 Hz, Jep = 51.7 Hz, Cyppar), 1333 (d, 1C, Jp = 39.8 Hz, Cy,),
134.8 (d, 6C, Jcp = 12.0 Hz, CH,,,.5/), 1382 (s, 1C, Cypy.,), 140.0 (d,
2C, Jep = 2.0 Hz, C, ), 143.9 (d, 4C, Jep = 292 Hz, C,pes), 1567
(dd, 1C, Jcp = 44 Hz, Jcp = 9.7 Hz, HCCP), 174.9 (s br, 1C, OCN).
SIP{H} NMR (202 MHgz, 25 °C, CD,Cl, §): 12.5 (d, ¥Jpp = 385 Hg,
Yppe = 29989 Hz), 26.9 (d, *Jpp = 385 Hz, 'Jpp, = 2889.5 Hz).
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