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1 Materials and experimental methods

1.1 General information
NMR experiments with parahydrogen were performed on a 400 MHz Bruker AV 400 NMR

spectrometer equipped with a broad-band 5 mm RF probe. The standard temperature control unit of
the NMR spectrometer was used for cooling and heating the samples. The kinetic (kas, kdis) and
thermodynamic (K¢) parameter measurements were performed on a 600 MHz Spectrometer Bruker
AV 600 NMR equipped with a broad-band 5 mm RF probe.

The studied °N-labelled ansa-aminoboranes MesCAT-*N, iPrPhCAT-*N and PhCAT-*N
referred in the text without “**N” ending were synthesized using the procedures described in Ref .5t

High-purity H2 gas was used for producing parahydrogen-enriched H; referred to in the main
text as simply parahydrogen. The enrichment was performed with a Bruker parahydrogen generator,
which produced H: gas with 92 % of parahydrogen.

1.2 PHIP NMR

1.2.1 Parahydrogen experiments
In a typical workflow, parahydrogen was bubbled trough a 0.05 M solution of the ansa-

aminoboranes in degassed solvents (toluene-d8, acetonitrile-d3, dichloromethane-d2) in a 5 mm
sample inside the NMR magnet for ca. 10 s, and then the parahydrogen flow was abruptly switched
off and an NMR experiment was started. The bubbling procedure was performed under elevated
pressure (5 bar) in the same manner as explained in detail in Ref.52 Parahydrogen was supplied to the
bottom of the sample tube through a thin 360 um fused silica capillary. The sample temperature was
varied in the experiments when it was required. The sample preparation procedures were done under
inert Ar atmosphere. The enhancement factors were determined by comparing the integral amplitudes
of individual components of the enhanced *H NMR antiphase doublets to those in the thermal

spectrum.

1.2.2 Theoretical aspects of revealing the longitudinal two spin order by
application of a radio-frequency pulse

As a matter of fact, the accumulated non-equilibrium nuclear spin order in AAB-H; adduct,
(Pe)p, Can be read out only indirectly after applying a radiofrequency pulse, because p,. itself is
unobservable in NMR experiments. A hard n/4-pulse maximizes the NMR signal amplitudes of AX
spin system sites in the *H NMR spectra, since antiphase transverse magnetization (11,15, + I;,15,) is

generated from p, after the RF excitation:S3
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The antiphase magnetization terms lead to observation of antiphase signals of NH and BH
groups in the *H NMR and provide the strongest observed hyperpolarization effects in the experiments
with ansa-aminoboranes represented in Figure 1 in the main text. This happens naturally due to the
evolution under the isotropic Hamiltonian for J-coupled AX spin system with a significant resonance
frequency separation as compared to the J-coupling constant value.>® Specifically, in the weak
coupling regime, the anti-phase transverse magnetization evolves into the detected magnetization (fly

and I,,) due to the scalar term in the Hamiltonian®*

PN o o 2m]thigl, PO sin(mjt) ¢ PO sin(mtjt) ¢
leIZZ + IlzIZx - COS(TL’]t) leIZZ + Tlly + COS(T[]t) IlzIZx + TIZy! (5)

giving rise to two enhanced anti-phase doublets corresponding to the NH and BH group signals in *H
NMR spectra. The presence of coupling to heteronuclei (**N and 'B) leads to a replication of the
antiphase doublets but generally does not change the hyperpolarization effect. Those couplings can
be suppressed by application broad-band decoupling pulse sequences, similarly as it was used for !B

in our experiments (Figure 5 in the main text).

1.2.3 Modelling of accumulation of the longitudinal two spin order
The full solution of the system of differential equations describing dynamics of accumulation

and the decay of the longitudinal two spin order (Egn. 3 and 4 in the main text) does not have a simple
and compact form. However, one can elucidate main features coming from these equations by looking
at the stationary state as described in the main text (Eqn. 5 and 6 in the main text).

The time evolution after parahydrogen bubbling was stopped is a bit easier to analyze since the
source term (ko{p.)o) disappears and the underlying equations are converted into a homogeneous first
order differential system. Therefore, we can analyze the decay of the longitudinal two spin order by

finding eigenvalues of the following kinetic matrix

1
_kas [AAB]O - kdis

K = Taf L) (S1)
kas [AAB]O _kdis - T_

1b

Assuming that the relaxation time of the longitudinal two spin order in the H> molecules (T ¢) is very

long, one can neglect Ti term and find the following compact form of the eigenvalues
1f

__S / __46¢
V=73 (1 + /1 (1+9+§)2)’ (S2)
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S = kas[AABlo + Kais + 7 = Kais(1+ +6), (s3)

__ kas[AAB], _ [AAB-H;],
kgis [H2]o
1

S ) (S4)

(S5)

kgisT1p
Note, that S constitutes the sum of kinetic and relaxation rates, while ¢ and 8 are concentration and
relaxation factors, respectively.

Parameters |Ui| represent fast and slow dynamics, respectively. As the first approximation, |v, |
is not determining the rate of full decay of the spin order, but rather represents how fast the system
will respond to the abrupt stop of parahydrogen bubbling. This can be elucidated from, e.g.,
comparison to the numerical solutions, or analytically. Therefore, we need to analyze |v_| to elucidate
factors important for the relaxation of the spin order depicted on the second halves of Figures 5a and
5b of the main text.

As a matter of fact, to have a reasonable time for the detection of the hyperpolarized signals we
need to have a sufficient time frame for stabilizing the sample after parahydrogen bubbling. In our
experiments it was ca. 3 s. Therefore, it is desirable that the relaxation would not destroy the nuclear
spin order significantly during this dead time. Moreover, it is generally important to have a long
enough time frame to be able to use the hyperpolarization. To achieve this condition, |v_| must be

minimized since this quantity represents the decay rate. Looking at Eq. S2, it is clear that requiring

46¢

RPTITIE to be small will minimize |v_|, while otherwise it will be large. The next level simplification

can be derived if 6 «< 1 or/and ¢ « 1. In practice, it is equivalent to say that either relaxation or/and

association kinetics are slow compared to the Ha release kinetics. In this case, using series expansion

W1-x=~1 —g) one can find that

. _S6&  kgis6§ 1 &
[v-| ~ (1+6+8)2  146+& Ty 1460+8 (S6)

which represents the rate of the spin order decay ({f.), x exp(—|v_|t)), as was said above. This
expression can be particularly important to estimate the efficiency of the chosen experimental
protocol, given that kinetic and relaxation parameters are known. It can be simplified further if we
assume that 6 + ¢ < 1, i.e., that the relaxation is relatively slow compared to the dissociation reaction

kinetics and H2 pool is big compared to AAB-H: pool:

|v_| zi-m, when 6 + & < 1. (S7)
T1pb [Hz]o

This is quite a common case when an elevated pressure of Hz is used in the experiments and the
catalyst is in a low concentration. The concentration dependence is explicitly visible in this case.
S7



Therefore, both stationary amplitude of the spin order during the parahydrogen bubbling process as

well as its decay after the bubbling show a clear concentration dependence through the concentration

factor & = %
210

This analysis immediately shows the drastic difference between PhCAT and MesCAT in
toluene in terms of observed hyperpolarization effect. While relaxation times (T;;,) are being on the

same order of magnitude, the concentration factors, &, are dramatically different. The corresponding
3

1+0+&

factors are ca. 0.4 and 0.005 for PhCAT and MesCAT, respectively. Almost a two orders of

magnitude difference leads to a significantly faster decay of the nuclear spin order in the case of
PhCAT, which prevents us from observation of any spin hyperpolarization effect after 3 s deadtime
required for the sample stabilization (Figure 4e in the main text). The effective relaxation rate is ca.
0.6 s in this case as was estimated using kinetic and relaxation parameters for PnCAT at 298 K (see
Table 1 of the main text). In contrast, around 2000-fold enhancement is observed for MesCAT under
the same experimental conditions (Figure 4a in the main text), since the relaxation rate is more than
one order of magnitude smaller (ca. 0.4/0.005 = 80 times slower decay rate).

This analysis also shows that changing the concentration factor, &, we can control the
hyperpolarization amplitude. As defined by Eq. S4 and Eq. 7, this quantity can be decreased by
decreasing the initial concentration of AABs. Indeed, dropping the concentration of PhCAT by 50
times led to the observation of hyperpolarization as shown in Figure 6 albeit at the price of the lowered
thermal signals.

1.3 Results of kinetic measurements of H, activation
Herein, we present Eyring plots and typical examples of NMR spectra for the Kkinetic

measurements. See the Experimental section in the main text for details of the kinetic measurement

procedure.
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1.3.1 Eyring plots used to determine enthalpies and entropies of activation

MesCAT-H, in toluene
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Figure S1. Eyring plot for MesCAT-H: dissociation in toluene-d8. Experimental points are drawn with circles and the
linear fitting result is shown with a red line. Experimentally measured rate constants and the activation parameters obtained
from the fitting at 95% confidence level are also shown in the graph.

MesCAT-H, in MeCN
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Figure S2. Eyring plot for MesCAT-H: dissociation in acetonitrile-d3. Experimental points are drawn with circles and
the linear fitting result is shown with a red line. Experimentally measured rate constants and the activation parameters
obtained from the fitting at 95% confidence level are also shown in the graph.
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iPrPhCAT-H, in toluene
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Figure S3. Eyring plot for iPrPhCAT-H: dissociation in toluene-d8. Experimental points are drawn with circles and the
linear fitting result is shown with a red line. Experimentally measured rate constants and the activation parameters obtained
from the fitting at 95% confidence level are also shown in the graph.

iPrPhCAT-H, in MeCN
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Figure S4. Eyring plot for iPrPhCAT-H: dissociation in acetonitrile-d3. Experimental points are drawn with circles and

the linear fitting result is shown with a red line. Experimentally measured rate constants and the activation parameters
obtained from the fitting at 95% confidence level are also shown in the graph.

S10



PhCAT-H, in toluene
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Figure S5. Eyring plot for PhCAT-H: dissociation in toluene-d8. Experimental points are drawn with circles and the

linear fitting result is shown with a red line. Experimentally measured rate constants and the activation parameters obtained
from the fitting at 95% confidence level are also shown in the graph.

PhCAT-H, in MeCN
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Figure S6. Eyring plot for PhACAT-H: dissociation in acetonitrile-d3. Experimental points are drawn with circles and the

linear fitting result is shown with a red line. Experimentally measured rate constants and the activation parameters obtained
from the fitting at 95% confidence level are also shown in the graph.
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1.3.2 Experimentally measured signal amplitudes used to determine K¢ values
[AAB—-H,],

Equilibrium constants, K¢ = [AABo[Hzlo'

were determined via analysis of 'H NMR spectra

measured using various solvents in a selected range of temperatures. First, numerical integrals of the
signals corresponding to ansa-aminoborane adducts (AAB-H>), ansa-aminoboranes (AAB) and H:
were calculated. In the case of AAB-H2, NH group signals were used since they were well-separated
from other peaks in a 9-12 ppm range depending on the solvent and temperature. Similarly, Hz signal
had non-overlapping resonance ca. 4.5-4.6 ppm and was easy to integrate. The determination of AAB
integrals required more thorough analysis as some peaks were overlapping, but it was always possible
to reliably integrate some of those peaks. The assignments of the signals used are presented in the
spectra at the end of this section. Typically, a reference peak was also chosen in every spectrum to
estimate detection sensitivity change as a function of temperature, but this effect was not very
significant.

After the integrals were evaluated, their values normalized to the number of protons in the
groups were used to compute [AAB-Hz]o/[AAB]o (see tables below) ratios, whereas the hydrogen
signal amplitude was converted into the molar concentration of H> species using known molar
concentrations of AAB species. The reliability of this approach was confirmed by comparison to the
known literature data on the solubility of H, in various solvents.>>® Finally, the division of [AAB-
H2]o/[AAB]o ratios by the determined molar concentrations [Hz]o gave the equilibrium constants Kc
presented in Table 1 of the main text.

Furthermore, knowing K values as a function of temperature allowed us to extract standard

enthalpies and entropies of the hydrogen activation using the standard equation

0
In (K.(T)) = ==, (S8)
where
AG? = AH? — TAS?, (S9)

through the linear least-square fitting of In (K.(T)) as a function of T,
The corresponding association constant kass values were determined form K. obtained as
described above and kgiss obtained from the saturation transfer experiments, assuming that K¢ =

kass/kdiss, and therefore, kass = chkdiss-
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1.3.2.1 MesCAT data

Table S1. Signal integrals and ratios extracted from *H NMR spectra for MesCAT in toluene.

Temperature, H: [AAB-Hz]o/[AAB]o Average H2 Ke Average Kc
(K) integral ratio® [AAB-H:]o/[AAB]o conc. (M2 (M-Pb
(AU) ratio® (M)
283| 1331 5.08E-03 5.07E-03 0.014 0.36 0.36
283| 11.02 4.32E-03 4.35E-03 0.014 031 0.31
288| 13.96 3.74E-03 3.72E-03 0.014 0.27 0.26
293| 14.65 2.84E-03 2.83E-03 0.014 0.20 0.20
298| 15.46 2.32E-03 2.34E-03 0.014 0.16 0.17
298| 15.46 2.32E-03 2.34E-03 0.014 0.16 0.17
303| 16.32 1.85E-03 1.80E-03 0.014 0.13 0.13
303| 16.48 1.92E-03 1.80E-03 0.014 0.14 0.13
@Methyl group signal of MesCAT at 2.17 ppm was used.
bAll identified peaks of MesCAT were used to calculate the average values.
Table S2. Signal integrals and ratios extracted from *H NMR spectra for MesCAT in acetonitrile.
Temperature, H2 [AAB-H2]o/[AAB]o Average H: Ke Average Kc
(K) integral ratio? [AAB-H2]o/[AAB]o conc. (M) (M1)P
(AU)) ratio® (M)
322.9 2.07 0.048 0.050| 0.0195 2.45 2.57
312.9 1.97 0.077 0.083| 0.0185 4,17 4,51
307.9 1.82 0.11 0.108 0.018 6.32 6.00
302.9 1.83 0.15 0.146| 0.0175 8.37 8.33
297.9 1.88 0.20 0.198 0.017 11.68 11.66
322.9 2.07 0.043 0.044| 0.0195 2.20 2.24
328 1.87 0.031 0.033| 0.0205 1.54 1.59
298 1.72 0.22 0.215 0.017 13.04 12.66
aAryl group signal of MesCAT at 7.15 ppm was used.
bAll identified peaks of MesCAT were used to calculate the average values.
1.3.2.2 iPrPhCAT data
Table S3. Signal integrals and ratios extracted from *H NMR spectra for iPrPhCAT in toluene.
Temperature, H: [AAB-Hz]o/[AAB]o Average H: Ke Average Kc
(K) integral ratio? [AAB-H:]o/[AAB]o conc. (M2 (M-hPp
(A.U)) ratio® (M)
303.0f 16.35 0.295 0.311 0.015 19.69 20.71
298.0( 12.73 0.362 0.384| 0.0145 24.97 26.48
293.0f 11.09 0.480 0.498 0.014 34.28 35.57
288.01 11.25 0.605 0.650 0.014 43.24 46.41
298.01 15.69 0.418 0.452| 0.0145 28.82 31.16
302.9 16.04 0.317 0.329 0.015 21.12 21.91
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307.9| 17.67 0.229 0.246| 0.0155 14.80 15.88
313.0| 19.09 0.166 0.172 0.016 10.35 10.74
297.9| 11.72 0.339 0.361| 0.0145 23.39 24.88
aMethyl group signal of iPrPhCAT at 3.7 ppm was used.
bAll identified peaks of iPrPhCAT were used to calculate the average values.
Table S4. Signal integrals and ratios extracted from *H NMR spectra for iPrPhCAT in acetonitrile.
Temperature, H: [AAB-Hz]o/[AAB]o H> Ke
(K) integral ratio? conc. (M1)2
(A.U.) M)
328.00 75.73 4.76 0.020 230.52
324.90 69.79 5.56 0.0195 285.70
321.90 60.27 7.14 0.01985 368.59
317.90 73.59 10.00 0.01925 502.29
314.90 66.46 12.50 0.0189 643.02
aMethyl group signal of iPrPhCAT at 2.37 ppm was used.
1.3.2.3 PhCAT data
Table S5. Signal integrals and ratios extracted from *H NMR spectra for PACAT in toluene.
Temperature H: [AAB-Hz]o/[AAB]o Average H: Ke Average K
(K) integral ratio? [AAB-H2]o/[AAB]o conc. (M2 (M1)P
(A.U) ratio® (M)
293 1.70 0.328 0.322 0.014 23.43 22.97
298 1.78 0.261 0.262 0.014 18.65 18.67
288 1.54 0.415 0.361 0.014 29.57 31.45
283 1.26 0.546 0.505 0.014 38.91 36.04
278 0.89 0.685 0.649 0.014 48.76 46.31
aAryl group signal of PhCAT at 7.01 ppm was used.
bAll identified peaks of PhCAT were used to calculate the average values.
Table S6. Signal integrals and ratios extracted from *H NMR spectra for PACAT in acetonitrile.
Temperature Integral of H2 [AAB-H2]o/[AAB]o H: Ke
(K) (A.U)) ratio? conc. (M1
(M)
297.90 17.75 14.29 0.017 858.05
307.90 18.45 7.69 0.018 415.93
312.90 18.64 5.26 0.0185 282.80
317.90 20.85 3.70 0.0190 192.30
322.96 19.79 3.45 0.0200 171.91
327.90 21.58 2.04 0.0205 98.48

aMethyl group signal of PhCAT at 1.62 ppm was used.
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1.3.3 Signal assignments in NMR spectra for the kinetic measurements

1.3.3.1 MesCAT
Toluene: Selected *H NMR signals assigned to MesCAT and MesCAT-H: are provided bellow

(600 MHz, C7Dg, 8, ppm):

MesCAT: 7.67 (d, 1 H, J = 7.28 Hz), 7.45 (d, 1H, J = 7.99 Hz), 6.76 (s, 4H), 2.20 (S, 6H), 2.17
(s, 12H), 1.16 (s, 6H), 0.99 (s, 6H), and 4.55 (s, H>)

MesCAT-H2: 8.57 (s, 1H, NH).

Reference peak (R): 0.32.
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—7.66
—7.45
—6.76

4.55
—1.17
—0.99

0.32

Figure S7. *H NMR Spectrum of a 0.05 M solution of MesCAT in toluene-d8.
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Acetonitrile: Selected *H NMR signal assigned to MesCAT and MesCAT-H: are provided
bellow (600 MHz, CD3CN, 6, ppm):

MesCAT: 7.54 (d, 1 H, J = 7.92 Hz), 7.42 (d, 1H, J = 7.92 Hz), 6.80 (s, 4H), 2.27 (S, 6H), 2.24.

(s, 12H), f - 1.07 (s, 6H), g - 0.87 (s, 6H), and 4.60 (s, H2).

MesCAT-Ha: 8.64 (s, 1H, NH).

Reference peak (R): 7.15.
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Figure S8. 'H NMR Spectrum of a 0.05 M solution of MesCAT in acetonitrile-d3.
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1.3.3.2 iPrPhCAT

Toluene: Selected *H NMR signal assigned to iPrPhCAT and iPrPhCAT-H: are provided

bellow (400 MHz, C7Ds, 3, ppm):

iPrPhCAT: 7.51 (d, 2H J = 7.47 Hz), 7.48 (d, 2H, J = 7.89 Hz), 3.083 (m, 2H, J = 6.7 Hz),

1.056 (s, 12H), and 4.54 (s, H2).
iIPrPhCAT-H2: 9.66 (s, 1H, NH).
Reference peak (R): 3.22.

9.66

4.54
—3.22
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9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

Figure S9. *H NMR Spectrum of a 0.05 M solution of iPrPhCAT in toluene-d8.
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Acetonitrile: Selected *H NMR signal attributed to substrate and adduct are provided bellow
(600 MHz, CD3CN, &, ppm):

IPrPhCAT: 0.67 (s, 6H), 2.94 (1 H) and 4.60 (s, H2).

IPrPhCAT-H2: 9.41 (s, 1H, NH).

Reference peak (R): 2.37.

( 2
) JKM ) o . = u

T T T T T T T T T T T T T T 1
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15

Figure S10. *H NMR Spectrum of a 0.05 M solution of iPrPhCAT in acetonitrile-d3.

Due to heavy overlapping of the adduct peaks with those of the substrate, assigning all peaks of
IPrPhCAT was not possible. The complex nature of the overlapped peaks made it challenging to
distinguish between the two iPrPhCAT and iPrPhCAT-H2. For instance, there is an uncertainty in
assignment of methyl groups in aromatics and TMP.
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1.3.3.3 PhCAT
Toluene: Selected *H NMR signal attributed to substrate and product are provided bellow:
(400 MHz, C7Ds, o, ppm)
PhCAT: 7.64(d, 4H, J = 5.38 Hz), 7.48 (d, *H, J = 7,83 Hz), 7.24 (s, 6H), 1.25 (s, 6H), 0.69 (s,
6H), and 4.56 (s, H2)
PhCAT-H:: 10.86 (s, *H, NH)
Reference peak (R): 7.06.
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Figure S11. *H NMR Spectrum of a 0.05 M solution of PhCAT in toluene-d8.
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Acetonitrile: Selected *H NMR signal attributed to substrate and adduct are provided bellow
(600 MHz, CD3CN, 8, ppm):

PhCAT: 0.57 (s, 6H), and 4.60 (s, H2)

PhCAT-H2: 10.52 (s, 1H, NH).

Reference peak (R): 1.62.

10.52
—7.56

4.60

0.57

st

JLNH ;i il S L di U .
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Figure S12. *H NMR Spectrum of a 0.05 M solution of PhCAT in acetonitrile-d3.

Due to heavy overlapping of the adduct peaks with those of the substrate, assigning additional peaks
to the substrate was not possible. The complex nature of the overlapping peaks made it challenging
to distinguish between PhCAT and PhCAT-Hoa.
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2 Computational details
All DFT calculations were carried out using Gaussian16.>” The ®B97X-D%® functional was chosen as

this dispersion-corrected range-separated hybrid method was found to describe hydrogen activation
via FLP accurately. All structures were optimized in the gas-phase at the ®B97X-D/6-311g(d,p) level.
Thermal and entropic corrections were calculated at the same level of theory and within Grimme’s
quasi-RRHO approximation.S® The solvation Gibbs free energy was calculated also at the ®B97X-
D/6-311g(d,p) level using the gas-phase structures and the SMD implicit solvation model.5*° The
electronic energies were recalculated at the ®B97X-D/6-311++G(3df,3pd) level of theory. The final
Gibbs free energies were calculated according to the following formula:
G = Eo' + (Go - Eo) + (Gsol - Eo) + AGconc,

where Eo and Eo' refer to electronic energies computed at the wB97X-D/6-311g(d,p) and the
®B97X-D/6-311++G(3df,3pd) levels of DFT, respectively; Go denotes the gas-phase Gibbs free
energy; Gsol IS the energy in solution-phase. AGconc refers to the concentration correction (all Gibbs
free energies were computed at the temperature 298.15 K and were corrected to the 1 mol/dm?®
concentration).

The conformational search was carried out for the more flexible ansa-aminboranes and their
H,-adduct with the MacroModel utility of the Scrodinger programS! and with the OPLS3e5? force
field. The most promising structures were optimized with DFT and the most stable one was chosen

accordingly.

2.1 Inversion of the TMP site: a- and b-forms of AAB and AAB-H:>
The conformations of the ansa-aminoboranes and their H, adducts can be categorized as a and

b conformers according to the orientation of the TMP ring and these conformers may have different
stabilities. The corresponding structures are depicted in Figure S13 and their relative stabilities in
DCM are summarized in Table S7. The relative stabilities are almost identical when using the other

solvents.
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MesCAT MesCAT-H,

| iPrPhCAT

PhCAT-H,

)\

Figure S13. Ansa-aminoboranes and their H, adducts both in their a and their b conformers. Gibbs free energies in
DCM are given in kcal/mol with respect to the most stable ansa-aminoborane conformer (and separated Hy).

Table S7. Relative stabilities of a and b TMP forms of the studied ansa-aminoboranes. Gibbs free energies in DCM are

presented in kcal/mol with respect to the more stable conformer in all cases.

Gibbs free energy of the conformer,

kcal/mol

Compound a b

PhCAT 0.0 1.3
MesCAT 0.2 0.0
iPrPhCAT 0.0 1.9
PhCAT-H:2 0.0 0.4
MesCAT-H: 1.6 0.0
iPrPhCAT-H2 54 0.0
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It is apparent that the a-form is slightly more stable for the studied ansa-aminoboranes except
for MesCAT, which is sterically the most hindered. Indeed, in the a-form of MesCAT, the aromatic
ring of the mesityl group is slightly distorted due to steric repulsion between the methyl groups of the
mesityl and the TMP unit. In the H2 adducts, the b-form is generally favored. We demonstrated for
PhCAT that transformation between the a- and b-forms may proceed rapidly at room temperature in
several steps (the largest barrier is 14.0 kcal/mol in the investigated mechanism). The transition

structures and the intermediates of the rearrangement are depicted in Figure S14.

PhCAT-H,

tw-boat " b-TS b
‘,I 40 14.0 0.4

Figure S14. A plausible mechanism for the rearrangement of the TMP unit from a to b in the PhnCAT-Hz. Gibbs free
energies in DCM are given in kcal/mol with respect to the a-form of PhnCAT-H..

2.2 Thermodynamics and kinetics of the H activation
The stability data of the Hz adducts in different solvents are presented in Table S8. We found that the

formation of the adduct is more favored in polar solvents and particularly when the ansa-aminoborane
is sterically less crowded. According to the calculations, with PhCAT and iPrPhCAT, the H>
activation is possible even in toluene, whereas with MesCAT, the formation of the adduct is favored

in highly polar solvents.
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Table S8. Stabilities of the H, adducts in various solvents. Gibbs free energies of the most favored conformer of the
adducts are given in kcal/mol with respect to the most favored conformer of the corresponding AAB and separated H».

Gibbs free energy, kcal/mol

Compound Tol DCM MeCN DMSO
PhCAT-H: -0.4 -4.2 -5.7 -5.9
MesCAT-H2 3.1 0.3 -0.8 -1.2
iPrPhCAT-H2 -0.2 -3.5 -4.2 -4.7

We investigated the mechanism of the H. activation with all the three ansa-aminoboranes
starting from the a- and b- forms. In the case of PhCAT and iPrPhCAT, we found that the barrier of
the hydrogen cleavage is lower in the a-conformer. The transition structures are depicted in Figure
S15. With MesCAT, the formation of the H> adduct has a lower barrier in the b-form, and in this case
the addition proceeds in two steps. The structures of the a- and b-forms of MesCAT are depicted in
Figure S16. First, the hydrogen coordinates to the boron and is then cleaved to form the other bond
with the nitrogen. The intermediate between the two transition states lies high and has no mechanistic
importance.

The activation Gibbs free energies of the H; activation are summarized in Table S9. The barriers
tend to be larger as the ansa-aminoborane becomes more crowded. Even though the Hz-adducts have
different stabilities in various solvents, the solvent seems to have negligible effect on the barriers.

Figure S15. Structures of the transition states of the hydrogen cleavage with the ansa-aminoboranes PhCAT and
iPrPhCAT. Gibbs free energies in DCM are given in kcal/mol with respect to separated PhCAT or iPrPhCAT in a-
form and Ha.
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MesCAT

a form path

—p
a a.' H2'TS
0.2 @ 22.6

b form path

9 p-H,-TS1
195 18.4

Figure S16. Mechanism of the H; activation with the MesCAT in a- (top) and b-forms (below). All Gibbs free energies
in DCM are given in kcal/mol with respect to separated MesCAT in b-form and Hs.

Table S9. Barriers of the H. activation in various solvents. Activation Gibbs free energies corresponding to the most
favored transition state are given with respect to the more favored ansa-aminoborane conformation and separated H, in
kcal/mol.

Gibbs free energy of H» activation,

kcal/mol
Compound  Tol DCM MeCN DMSO
PhCAT 14.5 14.5 14.5 14.3

iIPrPhCAT  16.2 16.1 16.6 16.2
MesCAT 19.4 19.5 19.4 19.2

2.3 Rotation of the borohydride site
It is crucial to know whether the ansa-aminoborane-H, adducts are present in several conformers.

Apart from the possible rotation of the TMP unit between a and b forms, the rotation of the boryl unit
may also be possible. In order to estimate the stability of further conformers and to find out whether
the rotation is kinetically feasible, we carried out potential energy surface scans varying the C-C-B-H
dihedral angle for all investigated ansa-aminoboranes. As an illustration, the varying dihedral is
highlighted in Figure S17 for PhCAT-H..
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Figure S17. The rotation of the borohydride site of PhCAT-H: in a-form. The dihedral angle between the highlighted C-
C-B-H atoms (left) was changed systematically to find the rotated conformers both in the forward and the reverse
directions (right).

The rotation of the borohydride site was investigated for AAB-H> species in the a-form as we
demonstrated that rearrangement from the a- to b-form is a kinetically feasible process under ambient

conditions (Figure S14). The following sections show the corresponding results for each AAB.

2.3.1 PhCAT-H2
The rotamers of PhnCAT-H2 and the transition states connecting them are depicted in Figure

S18. The figure exemplifies a-form structure (see discussion in the section about TMP inversion). The
conformer formed initially during the Hz-addition is the most stable one as the dihydrogen bonds
between the B™-H and the N*H units are only present in this form. The conformers Rot+ and Rot- have
the same Gibbs free energies as they are enantiomers, and this is valid for the transition states Rot+-
TS and Rot--TS as well. The rotation between Rot+ and Rot- is possible directly through the transition
state Rot:-TS. Both the barriers of the first and the second rotations are relatively low, so the rotation
is clearly feasible at room temperature. However, the rotated form of PhCAT-H: is 5.2 kcal/mol less

stable than the original conformer, so it will only be present in a negligible ratio.
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PhCAT-H,

Rot,-TS
13.7

Figure S18. The rotation of the borohydride site of PhCAT-H: in a-form. Gibbs free energies in DCM are given in
kcal/mol with respect to the most stable Roto rotamer of PhCAT-H2. Numbers in orange give the dihedral angles
defined in figure S17.

2.3.2 iPrPhCAT-H2

The rotamers of the iPrPhCAT-H: and the related transition states are depicted in Figure S19.
The figure exemplifies a-form structure (see discussion in the section about TMP inversion). Rot+ and
Rot- rotamers in this case have significantly different stabilities since the position of the isopropyl
groups are different and these groups may be responsible for large steric strain. This difference is
reflected in the transition states Rot+-TS and Rot--TS as well. The transition state connecting the two
rotated forms has even higher activation Gibbs free energy (18.5 kcal/mol), though this barrier is lower
than in the analogous rotation of the MesCAT-H: (25.8 kcal/mol, see below) and can be accessed at

room temperature.
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Figure S19. The rotation of the boryl site in iPrPhCAT-H.. Gibbs free energies in DCM are given in kcal/mol with
respect to the most stable Roto rotamer of iPrPhCAT-Hz. Numbers in orange give the dihedral angles defined in figure
S17.

The conclusion regarding the possible rotation of the borohydride site in iPrPhCAT-H: is the
same as it was with the other two ansa-aminoboranes: the rotation is feasible, but since the rotated

forms have relatively low stability, they are not expected to be present in a significant amount.

2.3.3 MesCAT-H>
The rotamers of MesCAT-H: and the corresponding transition structures are depicted in Figure

S20. The figure exemplifies a-form structure (see discussion in the section about TMP inversion).
Rot+ and Rot- have the similar relative stabilities to the analogous rotamers of PhCAT-H2 have with
respect to the most stable Roto rotamer of PACAT-Ho>. In this case, however, the two conformers have
slightly different Gibbs free energies as the orientation of the mesityl groups is not exactly the same
in the two structures. The steric strain has a much larger effect in the transition states as the barriers
are significantly higher than the analogous barriers with the PhnCAT-H2. The direct rotation between
the Rot+ and the Rot- is not even feasible at room temperature (the corresponding barrier is 25.8
kcal/mol). In Rots-TS, the rings of the mesityl groups are distorted from their optimal planar
arrangement to reduce the steric repulsion between its methyl groups and the TMP unit. This
distortion, however, also leads to a large increase in energy. In principle, both conformers can be

reached from the original Roto form of MesCAT-H: through an activation Gibbs free energy
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approximately 15 kcal/mol, but since their relative stability is 5-6 kcal/mol, they will only be present

in a low amount.

MesCAT-H,

= Qo
:/}fd Y e P N\
\Jreverse :

53[52]

‘3@4

Rot,-TS Rot,
L 1517087 5.9[52]

Rot,-TS
25.8 [13.7]

Figure S20. The rotation of the boryl site in MesCAT-H: in a-form. Gibbs free energies in DCM are given in kcal/mol
with respect to the most stable Roto rotamer of MesCAT-H2. Numbers in orange give the dihedral angles defined in
figure S17.
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