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ABSTRACT: Triaminoborane-bridged diphosphorus ligands
called TBDPhos can undergo cooperative ligand-centered
reactions at the 1,8,10,9-triazaboradecalin (TBD) backbone while
bound to metals, but the factors that control this reactivity are not
well understood. Previous studies showed that TBDPhos reactivity
is highly sensitive to phosphorus substituents, ancillary ligands, and
metal coordination environment despite these changes being
significantly removed from the reactive N−B bond. Here we
describe how exchanging phenyl and ethyl substituents attached to
phosphorus with methoxy turns on ligand-centered reactions in otherwise unreactive (TBDPhos)Pt(S2C6H4) and (TBDPhos)-
Mo(CO)4 complexes. The synthesis and characterization of the complexes are described alongside comparative reactivity studies
using MeOH as a simple but effective test substrate. Complementary density functional theory (DFT) calculations on an expanded
series of (TBDPhos)Pt(S2C6H4) complexes corroborate the experimental results and show that both size and electronic properties
of the phosphorus substituents can significantly influence the Gibbs free energy of reaction at the remote ligand site. These results
demonstrate how seemingly ancillary ligand modifications can levy significant control over ligand-centered reactivity in TBDPhos
complexes, which may be relevant when considering the design of other chemically reactive ligands with Lewis acidic functional
groups.

■ INTRODUCTION

Incorporating Lewis acids into ligands has proven to be a
fruitful strategy for accessing new types of reactivity with
transition metal complexes.1−14 Borane-containing ligands
have been used to assist metals in stoichiometric reac-
tions,15−21 substrate capture and activation,22−32 and catal-
ysis.33−43 The primary design considerations when preparing
reactive borane ligands are often Lewis acid strength as
dictated by the substituents attached to boron and the
proximity and orientation of the reactive site with respect to
the metal (e.g., inner vs outer sphere). In contrast, it is less
often considered how ligand modifications further removed
from the borane may influence reactivity.
Recently, our group reported a new class of diphosphorus

ligands called TBDPhos (Scheme 1).44 These ligands contain a
bicyclic triaminoborane called 1,8,10,9-triazaboradecalin
(TBD)45,46 that can undergo cooperative ligand-centered
reactions when bound to metals. Treating (PhTBDPhos)MCl2
complexes (where M = Ni or Pd) with Brønsted acids and
hydrated fluoride salts, for example, yielded net trans addition
of H−X (X = OH, OR, Cl, and F) across the bridgehead N−B
bond (Scheme 1).44,47 These reactions are referred to as
cooperative because protonation of the bridgehead nitrogen
appears to be a prerequisite for accessing reactivity at the
borane.44
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Scheme 1. Comparison of Ligand-Centered Reactions with
Different TBDPhos Complexes and MeOH
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During our initial investigation of TBDPhos complexes, we
discovered that ligand-centered reactivity can be significantly
diminished by exchanging phosphorus substituents or altering
the metal coordination environment, despite these modifica-
tions being significantly removed from the TBD backbone. For
example, we have shown that TBDPhos reactivity is attenuated
by replacing phenyl substituents in square planar
(PhTBDPhos)NiCl2 with isopropyl substituents or by sub-
stituting the ancillary chlorides with chelating S and O ligands
(Scheme 1).44,47 Furthermore, complexes such as octahedral
(PhTBDPhos)Mo(CO)4 show no obvious reactivity in the
presence of water or alcohols.48

Our desire to use ligand centered TBDPhos reactivity for
more practical applications requires a fundamental under-
standing as to how ligand modifications affect reactivity at the
TBD backbone. We initially postulated that the observed
reactivity differences with PhTBDPhos and iPrTBDPhos
complexes could be attributed in part to increased sterics
around the metal, but questions remained about the electronic
influence of these substituents. Attempts to quantify
substituent-induced changes in the Lewis acidity of TBDPhos
complexes using spectroscopic approaches such as the
Gutmann−Beckett method49−51 have so far been unsuccess-
ful.44 The cooperative nature of ligand-centered reactivity in
TBDPhos complexes complicates Lewis acidity measurements
at boron because nitrogen protonation appears to be required
for reactions to proceed.
To overcome these issues so that electronic and steric

contributions of phosphorus substituents to TBDPhos
reactivity could be distinguished, we set out to screen the
reactivity of different TBDPhos complexes under identical
conditions using MeOH as a simple test substrate. MeOH was
selected for this purpose because it serves as both solvent and
substrate, which allowed us to avoid comparing reactions
under different conditions in different solvents. In this report,
we describe the synthesis of methoxy- and ethyl-substituted
TBDPhos ligands for side-by-side comparisons with other
known TBDPhos ligands. Methoxy and ethyl were selected
because they have nearly identical steric profiles but different
electronic properties. We show how electronic factors
associated with the phosphorus substituents in MeOTBDPhos
and EtTBDPhos indeed control cooperative ligand-centered
reactivity at the triaminoborane backbone when compared in
side-by-side studies with Pt and Mo complexes containing
PhTBDPhos. We also quantify the role that steric contributions
have on TBDPhos reactivity using density functional theory
(DFT) calculations in an extended analysis of structurally
similar (TBDPhos)Pt(S2C6H4) complexes.

■ RESULTS AND DISCUSSION
MeOTBDPhos and EtTBDPhos were synthesized as described
for PhTBDPhos by treating TBD with 2 equiv of ClP(OMe)2
or ClPEt2 in the presence of NEt3 in CH2Cl2. Multinuclear
NMR spectroscopy, elemental analysis (EA), and/or electron
ionization mass spectrometry (EI-MS) confirmed their
formation. The 11B NMR resonances for MeOTBDPhos (δ
24.7 ppm) and EtTBDPhos (δ 25.9 ppm) showed only slight
variations compared to those for TBD and PhTBDPhos at δ
22.4 ppm and δ 26.2 ppm, respectively. As expected for the
phosphoramidite ligand, the 31P NMR resonance for MeOTBD-
Phos was much more deshielded at δ 145.6 ppm compared to

EtTBDPhos and PhTBDPhos at δ 43.3 and 47.7 ppm,
respectively.
(PhTBDPhos)PtCl2 (1), (MeOTBDPhos)PtCl2 (2), and

(EtTBDPhos)PtCl2 (3) were prepared by treating (COD)PtCl2
with the corresponding diphosphorus ligand in CH2Cl2. Once
isolated, 1−3 were converted to the dithiolate complexes
(PhTBDPhos)Pt(S2C6H4) (4), (MeOTBDPhos)Pt(S2C6H4)
(5), and (EtTBDPhos)Pt(S2C6H4) (6) by addition of 1,2-
benzenedithiol in the presence of excess NEt3 (Scheme 2).

Crystals of 1, 2, 5, and 6 were grown by vapor diffusion of
Et2O into CH2Cl2 solutions and XRD studies confirmed their
square planar structures (Figures S1−S3). The bond distances
and angles are similar to those observed for other Pt(II)
diphosphorus complexes with chloride and 1,2-benzenedithio-
late ligands (Table 1).52−54 As is typical of TBDPhos
complexes, the triaminoborane is rigorously trigonal planar,
as indicated by the 360° sum of N−B−N angles. The
bridgehead N−B bond distance in all of the complexes is
0.04−0.05 Å shorter than the two N−B bonds containing N
atoms bound to P. The increased N−B double-bond character
at the bridgehead position is consistent with its preferential
reactivity over the other N−B bonds in ligand centered-
reactions (vide infra).
NMR data collected for 1−6 were consistent with their

formulations. The 11B NMR spectra all revealed broad singlets
that were shifted upfield ca. 1−2 ppm relative to their free
ligands (Table 2). Not surprisingly, the 31P NMR spectra
revealed more pronounced differences, each showing diag-
nostic satellite peaks corresponding to 195Pt−31P coupling. 1JPtP
coupling constants are known to correlate to Pt−P bond
distance,55 and the increase from 3730 Hz in 1 to 4895 Hz in 2
is consistent with the 0.02 Å decrease in Pt−P bond distances
for 2 with MeOTBDPhos compared to 1. The Pt−P bond
distances of 2.206(2) and 2.218(2) Å in 5 are 0.02−0.03 Å
longer than those for 2 due to the greater trans influence of the
dithiolate ligand. The change in bond distance again
corresponds to a decrease in the 1JPtP coupling constant from
4895 Hz in 2 to 3918 Hz in 5.
We focused our reactivity studies on the dithiolate

complexes 4−6. These complexes were targeted to avoid
complications associated with chloride lability and ligand
exchange, as observed previously with (PhTBDPhos)NiCl2 and
(PhTBDPhos)PdCl2,

44,47 because we are less confident about

Scheme 2. Synthesis of Pt Complexes and Their Reactivity
with MeOH
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the identity of the species that undergoes ligand-centered
reactions in solution compared to the dithiolates. Incidentally,
(PhTBDPhos)PtCl2 (1) undergoes ligand-centered reactions
with water and MeOH like its lighter congeners with Ni and
Pd, as does the methoxy-substituted 2, as told by the tell-tale
11B NMR shifts indicating the change from three- to four-
coordinate boron. Remarkably, ethyl-substituted 3 was
completely unreactive with water or MeOH when tested
under the same conditions.
The ligand-centered reactivities of 4−6 were tested by

dissolving them in MeOH in the presence of a small amount of
NEt3, an additive that has been shown to enhance ligand-
centered reaction rates with alcohols and water.44,47 Our
hypothesis is that NEt3 helps to overcome the sluggish kinetics
of these reactions by serving as a proton shuttle to facilitate
trans addition of ROH to the TBD backbone. As reported
previously for (PhTBDPhos)Ni(S2C6H4),

47 phenyl-substituted
4 showed no evidence of MeOH addition to the TBD
backbone after mixing for 24 h, nor did ethyl-substituted 6. In
contrast, 5 immediately reacted with MeOH to form
(MeOTBDPhos-MeOH)Pt(S2C6H4) (5-MeOH), as indicated
by the characteristic four-coordinate 11B shift of δ 1.7 ppm. For

comparison, trans addition of MeOH across the bridgehead
N−B bond in (PhTBDPhos-MeOH)NiCl2 and (PhTBDPhos-
MeOH)PdCl2 yielded

11B NMR resonances of δ 1.9 and 3.2
ppm, respectively.44 The 1H NMR spectrum of 5-MeOH also
confirmed the addition of MeOH; two sets of diastereotopic
resonances associated with the methoxy and propylene
hydrogen atoms were observed due to loss of the mirror
plane defined by the TBD backbone in 5.
X-ray diffraction studies confirmed the formation of 5-

MeOH (Figure 1). The boron geometry is tetrahedral and the

bridgehead N−B bond is formally a dative bond, as indicated
by its 1.65(1) Å bond distance compared to 1.410(9) Å in the
parent complex 5. The remaining two N−B bonds lose their
multiple bond character and increase from 1.451(9) and
1.459(8) Å in 5 to 1.519(9) and 1.533(9) Å in 5-MeOH. The
B−OMe bond distance of 1.441(8) Å is identical within error
to the same bond in methanol-bound (PhTBDPhos-MeOH)-
NiCl2.

44

Synthesis and Reactivity of Mo Complexes. As
mentioned in the introduction, octahedral (PhTBDPhos)Mo-
(CO)4 (7) does not undergo reactions with MeOH, so we
investigated if this reactivity changed with MeOTBDPhos.48 No
attempt was made to prepare the EtTBDPhos complex with Mo
given that the Pt complex 6 showed no evidence of reactivity
with this ligand.
(MeOTBDPhos)Mo(CO)4 (8) was prepared by refluxing a 1-

to-1 mixture of Mo(CO)6 and MeOTBDPhos in THF

Table 1. Selected Bond Distances (Å) and Angles (deg) from Single-Crystal XRD Data

1 2 5 5-MeOH 6 7a 8 8-MeOH

M−P 2.2082(8) 2.1925(6) 2.206(2) 2.231(6) 2.246(3) 2.4887(7) 2.4392(5) 2.4409(5)
2.2153(8) 2.218(2) 2.232(4) 2.235(3) 2.4946(8) 2.4428(5) 2.4564(5)

B−N 1.401(4) 1.409(5) 1.410(9) 1.65(1) 1.411(1) 1.415(4) 1.417(2) 1.668(2)
B−N(P) 1.453(4) 1.457(3) 1.451(9) 1.519(9) 1.457(2) 1.462(4) 1.465(2) 1.535(3)

1.457(4) 1.459(8) 1.533(9) 1.455(1) 1.471(4) 1.468(2) 1.535(3)
P−N 1.657(3) 1.649(2) 1.654(5) 1.620(7) 1.681(7) 1.690(2) 1.660(2) 1.642(2)

1.669(3) 1.647(5) 1.610(9) 1.676(4) 1.704(2) 1.667(1) 1.649(2)
B−O − − − 1.441(8) − − − 1.448(2)
M−L (eq) 2.3543(9) 2.3573(6) 2.317(2) 2.321(2) 2.323(5) 2.002(3) 2.009(2) 2.017(2)

2.3631(8) 2.320(2) 2.326(2) 2.328(8) 2.007(3) 2.013(2) 2.019(2)
M−L (ax) − − − − − 2.026(3) 2.037(2) 2.024(2)

− − − − − 2.040(3) 2.039(2) 2.046(2)
P−M−P 92.20(3) 97.47(3) 94.04(6) 93.9(2) 95.58(5) 81.46(2) 88.13(2) 87.20(2)
ΣNBN 359.9(3) 360.0(2) 359.9(6) 328.3(6) 359.9(9) 359.7(2) 360.0(2) 330.2(1)

aReported in ref 48.

Table 2. 11B and 31P NMR Resonances and M−P Coupling
Constants (M = Mo and Pt) in CDCl3

a

compound 11B 31P{1H} 1JMP (Hz)
e

PhTBDPhosb 26.2 47.7 −
MeOTBDPhos 24.7 145.6 −
EtTBDPhos 25.9 43.3 −
1 24.4 43.9 3730
2 22.7 69.9 4895
3 24.1 58.9 3692
4 24.9 53.3 2917
5 23.2 97.7 3918
5-MeOHd 1.7 97.3 3954
6 24.2 61.2 2912
7c 25.9 90.6 −
8 24.2 165.4 194
8-HNTf2 27.8 167.0 −
8-MeOHd 2.7 165.3 192

aChemical shifts are reported in δ units relative to BF3·Et2O (11B) and
85% H3PO4 (

31P). bRef 44. cRef 48. dNEt3 was added to the NMR
sample. eNo 95Mo−31P coupling was observed for 7 and 8-HNTf2.

Figure 1. Molecular structure of 5-MeOH with thermal ellipsoids at
50% level. Disordered fragments and hydrogen atoms not associated
with added MeOH were omitted from the figure.
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overnight. NMR analysis of single crystals grown from Et2O/
pentane solutions revealed only a subtle shift in the 11B NMR
resonance compared to free MeOTBDPhos, but a new upfield
31P NMR resonance assigned to 8 was observed at δ 165.4
ppm. In addition, the 31P NMR spectrum confirmed
metalation by revealing a sextet of satellites (1JMoP = 194
Hz) with smaller intensity due to 31P coupling with 95Mo (I =
5/2; 15.9%). Single-crystal XRD studies confirmed the
structure of 8 (Figure S4) and revealed subtle differences in
the structural metrics when compared to 7 (Table 1). The
Mo−P and P−N distances decreased by 0.03−0.04 Å in 8, and
the P−Mo−P bite angle increased from 82(1)° (7) to
88.13(2)° (8).
We tested the ligand-centered reactivity of 8 by dissolving it

in MeOH in the presence of NEt3, as described for 5 (Scheme
3). 11B NMR analysis of the reaction mixture revealed the slow

appearance of a new feature at δ 2.7, consistent with the
transformation of three- to four-coordinate boron. XRD
studies on single crystals grown by slow evaporation confirmed
trans addition of MeOH across the TBD backbone in 8 to
yield (MeOTBDPhos-MeOH)Mo(CO)4 (8-MeOH; Figure 2).

The characteristic trigonal planar to tetrahedral geometry
change was again observed at boron along with characteristic
elongation of all three B−N bonds. The B−OMe bond
distances in 5-MeOH and 8-MeOH are identical despite the
differences in metal and coordination environment.

We previously showed that treating 7 with strong Brønsted
acids such as HOTf and HNTf2 resulted in protonation of the
bridgehead TBD nitrogen without chemically engaging the
borane to yield the first structurally characterized examples of
borenium ions (three-coordinate boron cations)56−58 with
TBDPhos.48 We report here that this reactivity is also possible
with MeOTBDPhos in 8 despite the increase in reactivity at
boron. Treating 8 with HNTf2 yielded a new complex with 11B
and 31P NMR resonances shifted downfield to δ 27.8 and
167.0 ppm, respectively, compared to δ 24.2 and 165.4 ppm in
8. The downfield 11B shift is characteristic of formation of
borenium ions due to the increased positive charge on boron.
Although not structurally characterized like 7-HNTf2,

48

protonation of the bridgehead nitrogen on the TBD backbone
was confirmed by IR and 1H NMR spectroscopy. IR data
collected on the solid revealed the N−H stretch at 3116 cm−1

and 1H NMR data revealed the broadened N−H proton at δ
7.08 ppm.
IR data collected for 8, 8-HNTf2, and 8-MeOH revealed

how ligand-centered reactions affect Mo-CO stretching
frequencies (Table 3). Group theory predicts four IR active

CO stretching bands for cis-L2M(CO)4 complexes in C2v point
group symmetry (2A1 + B1 + B2), the highest energy and most
resolved band being assigned to the symmetric A1 stretch
involving the axial CO ligands.59 The A1 stretching band for 8
was observed at 2025 cm−1 while the same stretch for 7 was
observed at 2017 cm−1 (Figure 3). The 8 cm−1 increase for
methoxy-substituted 8 relative to phenyl-substituted 7 is nearly
identical to the 10 cm−1 increase reported previously for the
same feature in the IR spectra of [R2P(CH2)2PR2)]Mo(CO)4
when R = Ph (2023 cm−1)59 and MeO (2033 cm−1).60

The energy of the resolved A1 stretch in the MeOTBDPhos
complexes increased in the order of 8-MeOH < 8 < 8-HNTf2,

Scheme 3. Synthesis and Reactivity Studies with Mo
Complexes

Figure 2. Molecular structure of 8-MeOH. Ellipsoids are drawn at
50% probability. Hydrogen atoms not associated with added MeOH
were omitted from the figure.

Table 3. CO Stretching Frequencies and Assignments for
Mo Complexes

compound CO stretches (cm−1) reference

7 2017, 1929, 1915, 1884 48
7-HNTf2 2026, 1931, 1905 48
8 2025, 1924, 1903, 1889 this work
8-HNTf2 2042, 1947, 1915 this work
8-MeOH 2018, 1933, 1909, 1872 this work

Figure 3. Infrared spectra (KBr) of Mo complexes 8, 8-HNTf2, and 8-
MeOH.
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and similar trends were observed for the less-resolved CO
stretches provided in Table 3. The highest energy A1 stretch in
the borenium complex 8-HNTf2 is attributed to decreased
electron density and increased positive charge on the complex.
This is consistent with changes expected based on a covalent
bond perspective because the increased positive charge in 8-
HNTf2 should decrease M−CO π-backbonding. In contrast to
8-HNTf2, addition of MeOH to the more electron-deficient
borane in 8 to form the four-coordinate borane in 8-MeOH
increases the electron density on the complex, thereby
resulting in slightly more M−CO π-backbonding. While the
covalent backbonding model provides an explanation con-
sistent with our experimental observations, it is possible that
the differences in CO stretching energies are due to
electrostatic-induced changes in M−CO bond polarization.61

Both explanations are plausible, and we cannot distinguish
between the two given the data at hand.
DFT Calculations. DFT calculations were performed, using

the Gaussian16 program,62 to further evaluate the steric and
electronic influence of phosphorus substituents on the
reactivity of (TBDPhos)Pt(S2C6H4) complexes toward
MeOH (eq 1). Geometry optimizations were performed
using the M06-L density functional and the def2-SVP basis
set for main group elements while the def2-TZVP and its
corresponding ECP were used for Pt.63,64 The nature of all
stationary points were verified by harmonic vibrational
analysis. Calculations were performed at room temperature
and dichloromethane was used as the solvent. We also tested
the choice of the meta-GGA M06-L functional against the
hybrid B3LYP functional.65 For optimizations using B3LYP,
the choice of basis set and ECP remain the same; however, a
dispersion correction (Grimme’s D3 correction with Becke−
Johnson damping)66 has been incorporated. In addition to the
experimentally tested ligands, we have extended our calcu-
lations to include RTBDPhos complexes with R = Me and EtO,
and the previously reported iPrTBDPhos ligand.44

+

→ ‐

( TBDPhos)Pt(S C H ) MeOH

( TBDPhos MeOH)Pt(S C H )

R
2 6 4

R
2 6 4 (1)

The results, which are summarized graphically in Figure 4
and tabulated in Tables S1 and S2 (SI), show identical trends
in ΔG regardless of functional, albeit with differences in the

absolute values. Complexes with alkoxy substituents MeO and
EtO yield the most exergonic reactions, whereas those with
alkyl substituents iPr and Et yield the most endergonic
reactions, consistent with their lack of reactivity. The most
endergonic reaction was predicted to be with (iPrTBDPhos)-
Pt(S2C6H4), which is consistent with the lack of ligand-
centered reactivity reported previously for (iPrTBDPhos)NiCl2
and (iPrTBDPhos)PdCl2.

44 The lack of reactivity experimen-
tally observed for phenyl-substituted 4 with MeOH suggests
that the M06-L calculations are in better agreement with
experiment than the B3LYP calculations. The calculated
energy when R = Ph was nearly thermoneutral with M06-L
(−0.93 kcal/mol), whereas the value from B3LYP is
significantly more exergonic at −4.01 kcal/mol.
The DFT calculations corroborate the experimental results

and show that both size and electronic properties of the
substituents can have a pronounced influence on ligand-
centered reactivity with MeOH. Side-by-side comparison of 5
and 6 show how electronic differences with similarly sized
methoxy and ethyl substituents, respectively, significantly alter
the ΔG of reaction. The electronic differences likely stem from
the increased electron withdrawing properties of oxygen in the
P−O bond that shifts electron density away from boron in the
TBD backbone to form a more electrophilic borane. Indeed,
Charge Model 5 (CM5)67 calculations revealed the most
positive charge on boron and nitrogen atoms on the TBD
backbone when R = MeO or EtO (Table 4). However, the lack

of a clear correlation between charge and ΔG for the other
complexes, most notably when R = Me, suggests that the steric
profile of the substituent must also be considered. Indeed, the
expanded calculations show that increasing the length and size
of the substituents causes the reaction to become more
unfavorable regardless if the substituents are alkyl (Me < Et <
iPr) or alkoxy (MeO < EtO). Collectively, these data suggest
that the most reactive TBDPhos ligands, at least from a
thermodynamic perspective, are those with relatively small,
electron-withdrawing substituents attached to phosphorus.

■ CONCLUSION
In summary, we have shown how phosphorus substituents can
levy significant control over cooperative ligand-centered
reactivity in TBDPhos complexes. Using MeOH as a test
substrate for side-by-side comparisons, we showed that phenyl-
and ethyl-substituted 4, 6, and 7 do not undergo ligand-
centered reactions, whereas methoxy-substituted complexes 5
and 8 form 5-MeOH and 8-MeOH under identical conditions
despite differences in ancillary ligands (dithiolate vs CO),
metal identity (Pt vs Mo), and metal coordination geometry
(square-planar vs octahedral).
Our results not only show how swapping phenyl and ethyl

substituents for methoxy turns on ligand-centered reactivity in
Figure 4. Comparison of Gibbs free energies computed using M06-L
(blue bars) and B3LYP (red bars) functionals.

Table 4. Select CM5 Charges Calculated for
(RTBDPhos)Pt(S2C6H4)

R Pt B N N(P) P

MeO 0.385 0.147 −0.307 −0.311 0.288
EtO 0.389 0.145 −0.308 −0.313 0.288
Ph 0.335 0.129 −0.308 −0.313 0.118
Me 0.317 0.133 −0.331 −0.317 0.109
Et 0.319 0.133 −0.315 −0.315 0.110
iPr 0.324 0.120 −0.313 −0.319 0.119
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the TBDPhos complexes studied here, they demonstrate how
both steric and electronic modifications significantly removed
from ligand reactive sites can be important considerations
when designing chemically reactive ligands with Lewis acidic
functional groups. In this context, these fundamental studies
with an admittedly simple substrate (MeOH) have provided
insights needed to make more informed decisions when testing
TBDPhos complexes in different applications.
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