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1 Experimental Procedures

1.1  General

1.1.1 Analytics

All manipulations were carried out in an MBraun glove box under an inert argon atmosphere.
NMR-experiments were performed in Wilmad® quick pressure valve NMR tubes. 'H, !B,
BC{H}, PF{!H}, and *'P {"H} NMR spectra were recorded on a Bruker Avance I (400.1 MHz,
probe: BBO) or a Bruker Avance (400.3 MHz, probe: ATM BBFO) spectrometer. 'H and
BC{H} NMR spectra were referenced to residual solvent resonances.!

Table S1. Shifts of residual solvent resonances used to reference NMR spectra.

Solvent 'H-NMR Shift in ppm 31C-NMR Shift in ppm
DCM-d> 5.32 53.84
Benzene-ds 7.16 128.06
1.72 67.21
THF-ds
3.58 25.31
CDCl; 7.26 77.16

CHN combustion analysis were carried out on an Elementar EL device by Elementar
Analysesysteme GmbH. Infrared spectra were recorded on an Avatar 360 FT-IR E.S.P. device
by Nicolet. Mass spectra (HRMS) and SIMS spectra were obtained by a MAT 95 spectrometer
(Finnigan).

1.1.2 Chemicals

Dicyclohexylphosphine was synthesised from bromocyclohexane following established
procedures.?3 Unless stated otherwise all chemicals were purchased from Aldrich, ABCR, TCI,
Merck or Alfa Aesar and used with no further purification. Cyclopentadienyl sodium was
synthesised by adding cylopentadiene to elemental sodium and removing all volatiles in vacuo.
2-(aminomethyl)-pyridine was distilled and stored under an argon atmosphere over MS 4 A
prior to use. Dimethylphenylsilane was distilled, degassed employing the freeze-pump-thaw
technique, and stored over MS 4 A prior to use. CO> 4.5 was purchased from Air Produts and
was passed through a sicapent column prior to use.

1.1.3 Solvents

DCM-d> and benzene-ds were degassed employing the freeze-pump-thaw technique and stored
over activated molecular sieves (4 A). THF-ds was dried over activated molecular sieves (3 A),
distilled under an argon atmosphere and degassed employing the freeze-pump-thaw technique.
Toluene, diethylether, dichloromethane, tetrahydrofurane, and pentane were dried by an
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MBraun solvent purification system. Benzene, 1,4-dioxane, n-hexane and hexamethyl-
disiloxane were dried over sodium and distilled under argon prior to use and stored over
activated molecular sieves (4 A). DMF was dried over molecular sieves (3 A), distilled under
an argon atmosphere and degassed using the freeze-pump-thaw technique. Methanol was dried
over molecular sieves (3 A) overnight prior to use.

1.2 Syntheses

1.2.1  Allylpalladiumchloride dimer*

Cl
\ A

PdCl, + KCI + /\/Cl —— <pd /Pd P

PdCl; (4.0 g, 23 mmol, 1 equiv.) and KCI (5.1 g, 68 mmol, 3 equiv.) was dissolved in H>O (100
mL) and stirred for 1 h at room temperature. Allylchloride (5.6 mL, 69 mmol, 3 equiv.) was
added and the reaction was heated to 50 °C and stirred for 18 h. The product was extracted from
the aqueous phase using CHCls. The combined organic phases were dried over MgSO4 and
volatiles were removed in vacuo. The product was obtained as an yellow solid (3.9 g, 22 mmol,
95%).

'"H NMR (CDCl3, 400.13 MHz): 8/ppm = 5.39 (tt, J=12.1, 6.7 Hz, 1H), 4.04 (dt,J= 6.8, 0.7
Hz, 2H), 2.97 (dt, J= 12.1, 0.7 Hz, 2H).

1.2.2 Cyclopentadienyl allyl palladium?

Cl NaCp &

,/ / ‘\
< Pd Pd » —_— Pd
‘\ / // ~ -
\CI THF/Benzene W

[CIPd(C3H5)]2 (4.0 g, 11 mmol, 1 equiv.) was dissolved in a mixture of benzene (50 mL) and
THF (50 mL). A solution of NaCp (2.9 g, 24 mmol, 2.2 equiv.) in THF (20 mL) was slowly
added at -10 °C. The solution was stirred for 2 h maintaining a temperature between -8 °C
and -2 °C. Volatiles were removed in vacuo at 0 °C. The residue was extracted with hexane (40
mL). The extract was filtered through celite and the solvent removed in vacuo at 0 °C. The
product was obtained as a red solid (4.3 g, 20 mmol, 92%).

TH NMR (C¢Ds, 400.13 MHz): 8/ppm = 5.86 (s, 5H), 4.59 (tt, J = 10.8, 6.1 Hz, 1H), 3.41 (d,
J=6.1 Hz, 2H), 2.10 (d, ] = 10.7 Hz, 2H).

1.2.3  6-Bromo-2-pyridinecarboxyaldehyde S-2

n-BuLi;
B DMF, HCI B
o
Br” “N” “Br Et,0 Br N NF
S-1 S-2

2,6-Dibromopyridine S-1 (30.0 g, 127 mmol, 1.00 equiv.) was dissolved in Et2O (500 mL) and
cooled to — 78 °C. n-Buli in hexane (83.1 mL, 1.6 M, 131 mmol, 1.04 equiv.) was added slowly
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(2 h). The reaction was stirred for 15 min at room temperature and then cooled back down to
—78 °C. DMF (12.0 mL, 155 mmol, 1.22 equiv.) was added quickly. The mixture was stirred at
—78 °C for 2 h, then HCI (18 mL) was added and the solution was allowed to thaw to room
temperature. Water was added until all solids were dissolved. The phases were separated, the
aqueous phase was washed with Et;0 (3 x 40 mL), the combined organic phases were dried
over MgSO4 and concentrated. The product was obtained by crystallisation from Et:O at 35 °C
as a white solid (20.7 g, 111 mmol, 88 %).

TH NMR (CDCl;, 400 MHz): 8/ppm = 10.00 (d,J=0.7 Hz, 1H),7.93 (dd,J=6.7, 1.7 Hz, 1H),
7.80 —7.67 (m, 2H). 13C NMR (CDCIs, 100.62 MHz): 8/ppm = 191.5 (s, 1C), 153.4 (s, 1C),
142.5 (s, 1C), 139.4 (s, 1C), 132.6 (s, 1C), 120.3 (s, 1C).

The NMR data corresponds to those reported in literature.®

1.2.4 [(6-Bromo-2-pyridyl)methyl](2-pyridyl)methylamine

X X NaBH, X =
| — _ O + | = NH2 | — H N |
Br N N MeOH N N Br
S-2 S-3 S-4

Amine S-3 (6.12 g, 56.6 mmol, 1 equiv.) was slowly added to a solution of aldehyde S-2
(10.5 g, 56.6 mmol, 1 equiv.) in methanol (140 mL). The solution was stirred for 1.5 h at room
temperature and then cooled to 0 °C. A solution of NaBH4 (2.15 g, 56.7 mmol, 1 equiv.) in
methanol (40 mL) was added dropwise and the reaction mixture was stirred overnight at room
temperature. By addition of aqueous HCI (¢ = 1 mol/L) the mixture was acidified to pH 1. The
mixture was extracted with CHCI3 (3x 80 mL). NaOH (¢ = 1 mol/L) was added to the aqueous
phase until pH 8 was reached. The aqueous phase was again extracted with CHCI3 (3x 80 mL).
The combined organic phases were dried over MgSO4 and concentrated in vacuo. The resulting
solid was washed with acetone (3x 10 mL) and the product was obtained as a white solid after
drying in vacuo (9.44 g, 33.9 mmol, 60%).

TH NMR (CDCl3, 400.13 MHz): 8/ppm = 8.55 (ddd, J=4.9, 1.8, 1.0 Hz, 1H), 7.64 (td, J= 7.7,
1.8 Hz, 1H), 7.50 (t, J = 7.7 Hz, 1H), 7.38 — 7.31 (m, 3H), 7.18 — 7.13 (m, 1H), 3.95 (s, 2H),
3.95 (s, 2H). BC NMR (CDCl3, 100.62 MHz): 8/ppm = 161.5 (s, 1C), 159.3 (s, 1C), 149.3 (s,
1C), 141.6 (s, 1C), 138.7 (s, 1C), 136.4 (s, 1C), 126.2 (s, 1C), 122.2 (s, 1C), 122.0 (s, 1C), 120.9
(s, 1C), 54.5 (s, 1C), 54.1 (s, 1C).

The NMR data corresponds to those reported in literature.’

1.2.5 Bis[(6-bromo-2-pyridyl)methyl][(2-pyridyl)methyl]amine (Br:-TPA)

X X = NaCNBH; X =
ij\/o * Qnﬂ Ej\/N <
Br” N7 N N Br MeOH N N~ Br

S-2 S-4 Br,-TPA
AcOH (7.5 mL, 0.13 mol, 3 equiv.) was added to a solution of aldehyde S-2 (8.9 g, 47 mmol,
1.1 equiv.) and amine S-4 (12 g, 43 mmol, 1 equiv.) in MeOH (200 mL). The mixture was
cooled to 0 °C and stirred for 1 h. A solution of NaCNBH3 (3.0 g, 48 mmol, 1.1 equiv.) in
MeOH (40 mL) was added slowly and the solution was stirred for 72 h at room temperature.
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The solution was acidified to pH 1 with 1M HCI and all volatiles were removed in vacuo. The
residue was solved in H>O and extracted with CHCl; (3x 150 mL). The combined organic layers
were dried over MgSOs and all volatiles were removed under reduced pressure. Pure Br2-TPA
was obtained as a white solid by crystallisation from Et:O at —35 °C (15 g, 34 mmol, 78%).
'"H NMR (CDCl3, 400.13 MHz): § 8.54 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 7.67 (td, J= 7.7, 1.8
Hz, 1H), 7.60 — 7.46 (m, 5H), 7.33 (dd, J= 7.6, 1.2 Hz, 2H), 7.17 (ddd, J = 7.5, 4.9, 1.2 Hz,
1H), 3.90 (s, 2H), 3.88 (s, 4H). 3C NMR (CDCl3, 100.62 MHz): 8/ppm = 161.0 (s, 2C), 158.93
(s, 1C), 149.3 (s, 1C), 141.5 (s, 2C), 138.9 (s, 2C), 136.6 (s, 1C), 126.4 (s, 2C), 123.2 (s, 1C),
122.3 (s, 1C), 121.8 (s, 2C), 60.2 (s, 1C), 59.5 (s, 2C).

The NMR data corresponds to those reported in literature.®

1.2.6 Bis[(6-dicyclohexylphosphino-2-pyridyl)methyl][(2-pyridyl)methyl]amine
(DCPTPA)

DiPPf, Pd(OAc),
| A = | Cs,CO4 | N = |
pZ N X + P-H - P N X
N N~ "Br|, <:§ Dioxane N N~ "PCy; |,

Br,-TPA DCPTPA

Br;-TPA (3.0 g, 6.7 mmol, 1.0 equiv.), Pd(OAc). (30 mg, 0.10 mmol, 0.02 equiv.), DiPPf
(56 mg, 0.10 mmol, 0.02 equiv.) and CsCOs (4.8 g, 14 mmol, 2.2 equiv.) were stirred for 1 h in
1,4-dioxane (36 mL). Dicyclohexylphosphine (2.8 mL 14 mmol, 2.1 equiv.) was added and the
solution was stirred for 18 h at 80 °C. Volatiles were removed in vacuo, the residue dissolved
in DCM and filtered through a short pad of silica (0.04-0.063 mm). After removing all volatiles
the resulting oil was stirred in hexane (10 mL) overnight. The resulting precipitate was filtered
off and washed with hexane (3x 10 mL). After removing all volatiles in vacuo DCPTPA was
obtained as an off white solid (3.8 g, 5.6 mmol, 83%)).
'H NMR (DCM-d>, 400.13 MHz): 8/ppm = 8.41 (dt, J = 4.8, 1.4 Hz, 1H), 7.59 — 7.55 (m, 2H),
7.46 (td, J = 7.6, 1.9 Hz, 2H), 7.31 (dt, J = 7.8, 1.2 Hz, 2H), 7.25 (ddd, J = 7.5, 4.4, 1.2 Hz,
2H), 7.08 — 7.03 (m, 1H), 3.79 (d, J = 3.0 Hz, 6H), 2.03 (tq, /= 11.7, 3.0 Hz, 4H), 1.83 — 1.72
(m, 4H), 1.66 (dtt, J = 12.3, 3.3, 1.7 Hz, 4H), 1.56 — 1.44 (m, 12H), 1.29 — 0.84 (m, 20H).
3P NMR (DCM-d», 162.04 MHz): 8/ppm = 5.61 (s). 3C NMR (DCM-d», 100.62 MHz):
d/ppm = 161.6 (pd, J = 11.7 Hz, 2C, Cy—C), 160.6 (s, 1C, Cy—C), 160.0 (s, 2C, Cy—C), 149.4
(s, 1C, Cy—C), 136.7 (s, 1C, Cy—C), 135.3 (pd, J = 8.4 Hz, 2C, Py-C), 129.6 (pd, J = 33.2 Hz,
2C, Py—C), 123.3 (s, 1C, Py—C), 122.4 (s, 2C, Py-C), 122.3 (s, 1C, Py—C), 60.5 (s, 2C, CH>),
60.3 (s, 1C, CH»), 33.3 (s, 2C, Cy—C), 33.1 (s, 2C, Cy—C), 30.3 (s, 2C, Cy—C), 30.2 (s, 2C, Cy—
0), 29.9 (s, 2C, Cy-C), 29.8 (s, 2C, Cy—C), 27.7 (s, 2C, Cy—C), 27.6 (s, 2C, Cy—C), 27.5 (s,
2C, Cy—C), 27.4 (s, 2C, Cy—C), 26.9 (s, 4C, Cy—C). Elemental Analysis calc. for C42HsoN4P>:
C: 73.87 H: 8.86 N: 8.20, found: C: 74.11% H: 8.89% N: 8.62%. IR (KBr): v/cm™ = 3042 (vw),
3003 (vw), 2918 (vs), 2840 (s), 2369 (vw), 2345 (vw), 1590 (w), 1579 (m), 1559 (m), 1466
(vw), 1443 (s), 1353 (vw), 1341 (vw), 1291 (vw), 1264 (vw), 1264 (w), 1162 (w), 1112 (w),
1081 (vw), 1042 (vw), 983 (w), 890 (w), 855 (w), 804 (m), 750 (m), 649 (vw), 602 (vw), 524
(vw), 489,5 (w). MS: EI' m/z= 682.3 (M), 599.3 (M-Cy) 590.3 (M-CsHgN), 394.2 (M —
(CeHsN)PCy»), 345.2 (M), 289.2 ((C¢HsN)PCy2), 206.1 ((CsHsN)PCy), 149.1 (M), 93.1
(C¢HgN), 83.1 (Cy). HRMS: m/z: [M] calculated 682.4332 found 682.4288 (6.53 ppm).
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1.2.7 [(deptpa)Zn](NTf2)2 1

PCyZ = |
N
fN N
AN Zn(NTH,),
— 5
N7 MeOH
|
|
Cy.P X
DCPTPA

Methanol was added to ligand DCPTPA (200.2 mg, 293.2 pmol, 1.0 equiv.) and Zn(NTf2)>
(182.9 mg, 292.3 pmol, 1.0 equiv.). The solution was stirred for 1 h at room temperature. All
sediment was filtered off and the reaction solution was stored in the freezer. The formed crystals
were filtered off. The product was obtained as a white solid after removing all volatiles in vacuo
(110 mg, 82.1 pmol, 28%). The yield could be increased by further workup of the mother liquor
(88.7 mg; 65.7 umol, 23%, Overall Yield: 51%). Crystals suitable for XRD-analysis were
obtained from cold MeOH (4 °C).

TH NMR (DCM-d>, 400.13 MHz): 8/ppm = 8.73 (dt, ] = 5.3, 1.3 Hz, 1H), 8.25 — 8.05 (m, 3H),
7.86 (dd, J =7.7, 1.0 Hz, 2H), 7.79 (ddd, J = 7.7, 5.4, 1.2 Hz, 1H), 7.74 (dq, J = 8.0, 1.3 Hz,
2H), 7.69 (dt, J = 7.9, 1.0 Hz, 1H), 4.51 (d, AB-resonance, J = 17.5 Hz, 2H), 4.44 (d, AB-
resonance, J = 17.5 Hz, 2H), 4.29 (s, 2H), 3.42 (s, 3H, CH30H), 2.26 — 2.07 (m, 4H), 1.87 —
1.47 (m, 21H), 1.39 - 0.96 (m, 15H), 0.76 (tdq, J = 12.3, 9.3, 3.1 Hz, 2H). 3P NMR (DCM-d>,
162.04 MHz): &/ppm = 32.14 (s, wi2=22+1Hz). BC NMR (DCM-d>, 100.62 MHz):
d/ppm = 159.63 (pt, J = 3.3 Hz, 2C, Py-C), 156.58 (pt, J = 8.3 Hz, 3C, Py-C), 149.23 (s, 1C
Py-C), 143.46 (s, 1C, Py-C), 142.63 (s, 2C Py-C), 130.86 (s, 1C, Py-C), 127.22 (2C, Py-C),
127.12 (s, 1C, Py-C), 126.75 (s, 1C, Py-C), 120.39 (q, J = 321.5 Hz, 4C, CF3), 57.51 (s, 2C,
CH»), 57.32 (s, 1C, CH2), 51.13 (s, 1C, CH30H), 34.94 (pt, J = 2.6 Hz, 2C, Cy-C), 34.29 (pt, J
= 3.3 Hz, 2C, Cy-(), 30.41 — 29.99 (pm, 6C, Cy-C), 29.82 (pt, J = 2.0 Hz, 2C, Cy-C), 27.46 —
27.22 (pm, 4C, Cy-C), 27.03 (pm, 4C, Cy-C), 26.25 (pd, J = 4.0 Hz, 4C, Cy-C). YF{!H} NMR
(377 MHz, DCM-d,): &/ppm = —79.38. Elemental Analysis calc. for C46HsoF12NsOsP2S4Zn ¢
MeOH: C, 42.11%; H, 4.81%; N, 6.27%; found C, 41.61%; H, 4.897%; N, 6.26%. IR (KBr):
viem! = 2928 (s), 2854 (w), 1610 (vw), 1591 (vw), 1444 (w), 1354 (vs), 1335 (w), 1217 (s)
1192 (vs), 1138 (s), 1059 (s), 881 (vw), 852 (vw), 791 (w), 764 (vw), 741 (vw), 617 (s), 571
(s), 515 (s).

1.2.8 [(deptpa)Pd] (2)

PCy2 =~ |
NS
~N N
| = N
[CpPd(C3H5)]
——— > [(dcptpa)Pd]
« | 2
Cy2P
DCPTPA

A solution of [CpPd(C3Hs)] (125.1 mg, 589.9 umol, 1 equiv.) in Et;O (10 mL) was slowly
added to a solution of DCPTPA (400.0 mg, 585.7 umol, 1 equiv.) in Et20 (4 mL). The reaction
was stirred for 2 h, during which a yellow precipitate was formed. The precipate was isolated
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by filtration, washed with ether (3x 4mL) and dried in vacuo. The product 1 was obtained as a
yellow solid (413.8 mg, 524.2 umol, 89.4%).

'H NMR (DCM-d>, 400.13 MHz): 8/ppm = 8.57 — 8.52 (m, 0.12), 8.51 — 8.41 (m, 1.21), 7.81
—6.90 (m, 12.33), 5.66 — 5.47 (m, 1.52), 4.24 — 3.72 (m, 8.33), 3.00 — 2.72 (m, 1.66), 2.56 —
0.82 (m, 73.47), 0.73 — 0.58 (m, 1,36). *'P NMR (THF-ds, 162.04 MHz): 8/ppm = 44.52 (s,
13.99), 40.71 (s, 2.41), 38.42 (s, 4.06), 37.93 — 35.03 (br. s, 11.15), 32.61 —26.94 (br. s, 68.38).
IR (KBr): v/iem™ = 3050 (vw), 2930 (vs), 2850 (s), 2650 (vw), 1638 (w), 15801 (m), 1562 (m),
1560 (m), 1441 (w), 1340 (w), 1265 (w), 1209 (w), 1178 (w), 1161 (w), 1115 (w), 1084 (w),
1047 (vw), 1001 (w), 993 (w), 895 (w), 887 (w), 850 (w), 798 (w), 746 (m), 607 (w), 517 (w),
492 (w), 447 (w). Elemental Analysis calc. for C42HeoN4P2Pd: C, 63.91%; H, 7.66%; N,
7.10%; found: C, 64.28%; H, 7.75%; N, 7.24%. SIMS (pos, NBA): m/z = 705.2 (100%), 788.2
(65%, M), 737.4 (65%), 804.2 (57%), 896.2 (49%), 591.2 (14%)).

1.2.9 [(dcptpa)ZnPd](NTf>)2 (2-Zn)

2+

N N l / 2 Nsz_
N N N

| P N [CpPd(C3H5)l,
Zn(NTf,), f-,N
N toluene " //N/Zn\N =
| ) )

DCPTPA 2-Zn

Ligand DCPTPA (200 mg, 293 umol, 1.0 equiv.), [CpPd(C3Hs)] (62.3 mg, 293 umol, 1.0
equiv.) and Zn(NTfz)> (183 mg, 293 umol, 1.0 equiv.) were weighted into a Schlenk tube
equipped with a magnetic stirring bar. Toluene (6 mL) was added and the suspension was
stirred for 2 h. The resulting 2 phases were separated by syringe and hexane (6 mL) was added
to the lower phase. The solution was stirred overnight and the liquid was filtered off. After
washing the solid with hexane and removing all volatiles in vacuo the product was obtained as
a red-brown solid (252 mg, 178 pmol, 61%). Crystals suitable for XRD-analysis were obtained
from a THF solution overlaid with HMDS.

'TH NMR (400 MHz, THF-dg): 8/ppm =9.12 (dd, J = 5.4, 1.5 Hz, 1H), 8.23 (t, J = 7.7 Hz, 2H),
8.14 (td,J=7.8, 1.6 Hz, 1H), 8.10 (d, J = 7.6 Hz, 2H), 7.81 (d, J = 7.8 Hz, 2H), 7.75 (dd, ] =
7.4, 5.3 Hz, 1H), 7.71 (d, J = 7.9 Hz, 1H), 4.62 (d, AB-resonance, J = 16.8 Hz, 2H), 4.48 (d,
AB- resonance, J = 16.8 Hz, 2H), 4.37 (s, 2H), 2.79 (ddt, J = 11.6, 7.6, 3.8 Hz, 2H), 2.24 (d, J
=12.7 Hz, 4H), 2.09 (d, J = 12.9 Hz, 2H), 1.99 — 0.82 (m, 44H, residual solvent signal of THF-
dg included in integration). 3C{'H} NMR (101 MHz, THF-ds): 8/ppm = 157.6 (pt, J = 7.0 Hz,
2C, Py-C), 156.8 (s, 1C, Py-C), 155.9 (pt, 21.0 Hz, 2C, Py-C), 150.2 (s, 1C, Py-C), 142.7 (s,
1C, Py-C), 142.0 (s, 2C, Py-C), 130.2 (pt, J= 3.1 Hz, 2C, Py-C), 126.8 (s, 2C, Py-C), 126.0 (s,
1C, Py-C), 126.0 (s, 1C, Py-C), 120.9 (q, J = 322.2 Hz, 4C, CF3) 58.6 (s, 3C, CH>), 37.41 (pt,
J=28.7 Hz, 2C, Cy-C), 36.0 (pt, J = 10.1 Hz, 2C, Cy-C), 31.6 (br. s, 2C, Cy-C) 31.5 (pt, J = 3.5
Hz, 2C, Cy-C), 31.0 (pt, J =4.1 Hz, 2C, Cy-C), 29.8 (s, 2C, Cy-C), 27.5-27.0 (pm, 8 C, Cy-C),
26.9 (s, 2C, Cy-C) 26.3 (s, 2C, Cy-C). 3'P{'H} NMR (162 MHz, THF-ds): 8/ppm = 58.12 (s).
PF{IH} NMR (377 MHz, THF-ds): 6/ppm =-79.69 (s). IR (KBr): v/cm™ = 3086 (vw), 2932
(vs), 2855(s), 1612 (w), 1592 (m), 1567 (w), 1492 (w), 1449 (s), 1353 (vs), 1190 (vs),
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1134 (vs), 1057 (vs), 1021 (m), 1002 (m), 885 (w), 788 (m), 739 (m), 652 (m), 616 (s), 600 (s),
570 (s), 509 (s). Elemental Analysis calc. for C46HsoF12NsOgP2PdS4Zn  THF: C, 40.82 %; H,
4.66%; N, 5.71%; found: C, 41.01%; H, 4.44%; N, 6.11%. SIMS (pos, NBA): m/z = 1135.2
(100%, [MNTH]* — NTh), 761.0 (35%).

1.2.10 [(deptpa)LiPd]NTHf; (2-Li)

N
B N CoPd(CHa
N 3r'15)1
Z LiNTf, R |
NE toluene //N/IfI\N =
N | l o
DCPTPA 2-Li

Ligand DCPTPA (500 mg, 732 pmol, 1.0 equiv.), [CpPd(C3Hs)] (156 mg, 732 pumol, 1.0
equiv.) and Li(NTf>) (210 mg, 732 pmol, 1.0 equiv.) were weighted into a Schlenk tube
equipped with a magnetic stirring bar. Toluene (6 mL) was added and the suspension was
stirred for 2 h. The resulting two phases were separated by syringe and hexane (6 mL) was
added to the lower phase. The solution was stirred overnight and the liquid was filtered off.
After washing the solid with hexane and removing all volatiles in vacuo the product was
obtained as a beige solid (582 mg, 541 umol, 74%). Crystals suitable for XRD-analysis were
obtained from toluene overlaid with hexane.

TH NMR (400 MHz, C¢Dg): 6/ppm = 8.73 (dd, J = 5.3, 1.6 Hz, 1H), 7.33 (t, ] = 7.7 Hz, 2H),
7.19(dt,J=7.7, 1.8 Hz, 1H), 7.11 — 7.00 (m, 5H), 6.79 — 6.73 (m, 1H), 3.73 (d, AB- resonance
J=16.2 Hz, 2H), 3.67 (d, AB- resonance, J = 15.4 Hz, 2H), 3.66 (s, 2H), 2.27 — 2.04 (m, 4H),
2.00 — 1.17 (m, 30H), 1.14 — 0.68 (m, 10H)."3C{H} NMR (101 MHz, C¢Ds): 8/ppm = 159.7
(pt, J =8.0 Hz, 2C, Py-C), 159.5 (s, 1C, Py—C), 159.2 (pt, J = 21.1 Hz, 2C, Py—C), 149.21 (s,
1C, Py-0), 138.1 (s, 1C, Py—C), 137.3 (s, 2C, Py-C), 126.3 (pt, J = 3.6 Hz, 2C, Py-C), 123.9
(s, 1C, Py-C), 123.8 (s, 2C, Py—C), 122.4 (s, 1C, Py—C), 121.2 (q, J = 322.1 Hz, 2C, CF3), 58.6
(s, 2C, NCH), 58.4 (s, 1C, NCH>), 36.9 (pt, ] = 7.1 Hz, 2C, Cy—C), 33.5 (pt, J = 8.8 Hz, 2C,
Cy-C), 31.6 (pt, J = 4.6 Hz, 2C, Cy—C), 30.9 (pt, J = 3.8 Hz, 2C, Cy—-C), 30.7 (pt, ] = 5.9 Hz,
2C, Cy—C), 29.4 (s, 2C, Cy—C), 27.2 — 26.9 (pm, 4C, Cy—C), 26.8 (s, 2C, Cy—C), 26.5 (pt, J =
6.2 Hz, 4C, Cy-C), 26.0 (s, 2C, Cy—C). 3'P{!H} NMR (162 MHz, C¢Ds): 8/ppm = 39.75 (s).
PF{TH} NMR (376.6 MHz, CsDs) 6/ppm = —78.35 (s) ppm. "Li{'H} NMR (155.5 MHz, C¢Ds):
8/ppm =4.00 (s, w12 =3 + 1 Hz). IR (KBr): v/em™ = 3058 (vw), 2928 (vs), 2853 (s), 1599 (m),
1586 (m), 1556 (w), 1448 (s), 1355 (vs), 1227 (s), 1192 (vs), 1135 (vs), 1057 (vs), 1005 (m),
907 (w), 880 (w), 788 (m), 740 (m), 617 (m), 600 (m), 570 (m), 508 (m). Elemental Analysis
calc. for Ca4HgoFsLiN5O4P>PdS; - Toluene: C, 52.42%; H, 5.87%; N, 5.99%:; found: C, 52.51%;
H, 6.10%; N, 6.44%. SIMS (pos, NBA): m/z = 796.2 (100%, M" — "NTf;), 722.2 (47%), 706.1
(43%), 992.4 (17%).
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1.2.11 [(deptpa)CuPd][B(CsFs)s] (2-Cu)

PCy2 = A _|+

\ « I [CpPd(CaHs) |
LN rcuoTniCes N ) [B(CeFs)l”

Z KIB(CoF ).l [N
. o

Y
NS -

Cy-P CyP —Pd—pgy,
DCPTPA 2-Cu

Ligand DCPTPA (200 mg, 293 umol, 1.0 equiv.), [Cu(OTf)]2 - C¢Hs (73.7 mg, 146 pmol, 0.5
equiv.) and K[B(CsF5)4] (210 mg, 292 umol, 1.0 equiv) were weighted into a Schlenk flask.
Benzene (60 mL) and a solution of [CpPd(C3Hs)] (62.8 mg, 294 umol, 1 equiv.) in benzene (5
mL) were added. The reaction was stirred overnight, the precipitate was filtered off and all
volatiles were removed from the filtrate in vacuo. The residue was stirred in hexane (20 mL)
overnight, filtered off and the resulting solid washed with hexane (3x 15 mL). The product was
obtained after removing all volatiles in vacuo as a brown powder (185 mg, 121 umol, 42%).
TH NMR (600 MHz, THF-ds) 8/ppm = 8.88 (d, J= 4.9 Hz, 1H), 7.81 — 7.76 (m, 3H), 7.63 (d,
J=17.6 Hz, 2H), 7.39 (d, J= 6.6 Hz, 1H), 7.34 (d, J= 7.8 Hz, 3H), 4.19 (d, AB- resonance, J =
15.8 Hz, 2H), 4.09 (d, AB- resonance, J = 15.8 Hz, 2H), 4.02 (s, 2H), 2.47 — 2.39 (m, 2H), 2.23
—2.16 (m, 2H), 2.14 — 2.05 (m, 2H), 2.05 — 1.97 (m, 2H), 1.90 — 0.84 (m, 51H, residual solvent
signal of THF-ds included in integration). *C{'H} NMR (151 MHz, THF-ds) 6/ppm = 159.2
(pt, J=22.0 Hz, 2C, Py-C), 158.1 (pt, J = 7.1 Hz, 2C, Py—C), 158.1 (s, 1C, Py-C), 150.8 (s,
1C, Py-C), 149.3 (d, J=242.5 Hz, 8C, B(CsFs)4), 139.2 (d, J=245.1 Hz, 4C, B(CsFs)4), 138.2
(s,1C, Py-C), 137.2 (d, J = 247.8 Hz, 8C, B(C¢Fs)4), 137.1 (s, 2C), 128.6 (pt, J = 4.0 Hz, 2C,
Py-C), 124.9 (s, 2C, Py-C), 124.9 (s, 1C, Py-C), 124.8 (s, 1C, Py—C), 59.6 (s, 2C, CH»), 59.1
(s, 1C, CHy), 38.5 (pt, J=6.7 Hz, 2C, Cy-C), 35.3 (pt, J= 7.8 Hz, 2C, Cy-C), 32.4 (pt, J=4.2
Hz, 2C, Cy-C), 31.9 (pt, J = 3.9 Hz, 2C, Cy-C), 31.5 (pt, J = 6.3 Hz, 2C, Cy-C), 31.1 (s, 2C,
Cy-C), 28.2 (pt, J=4.9 Hz, 2C, Cy—C), 28.1 (pt, J = 6.5 Hz, 2C, Cy—C), 27.6 (s, 2C, Cy-C),
27.4 (pt, J = 5.4, 4C, Cy—C Hz), 27.0 (s, 2C, Cy-C) (quaternary carbon of B(CsFs)s4 not
observed). 3'P{'H} NMR (162 MHz, THF-ds): 8/ppm = 45.8 (s). ’F{!H} NMR (377 MHz,
THF-ds): 6/ppm = —132.73 (s, 2F), — 165.15 (tr, J = 21.1 Hz, 1F), — 168.61 (tr, J = 18.4 Hz,
2F). UB{'H} NMR (128 MHz, THF-ds): 8/ppm = — 18.4 (w 1,2 = 30 Hz). IR (KBr): v/cm™' =
2925 (s), 2848 (w), 2365 (vw), 2330 (vw), 1555 (w), 1509 (s), 1462 (vs), 1380 (vw), 1267 (w),
1240 (w), 1178 (vw), 1158 (vw), 1081 (w), 983 (s), 909 (vw), 882 (vw), 847 (vw), 773 (w),
754 (w), 684 (w), 660 (w), 575 (vw), 501 (vw). SIMS (pos, NBA): m/z = 853.4 (100%, M* —~
NTt), 777.4 (60%), 761.4 (30%), 472.2 (25%), 260.1 (58%), 81.2 (32%). SIMS (neg, NBA):
m/z = 678.5 (100%, B(CesFs)"), 166.9 (25 %, (CsFs)).
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1.3 Catalysis

1.3.1 Condition screening for hydrosilylation

Conditions were varied as described below. In all reactions a pressure of 1 bar CO, was used
either stationary or dynamic. All reactions were terminated by removing the CO» atmosphere
after the indicated time period.

Table S2. Optimizing conditions for carbon dioxide hydrosilylation using 2-Zn as catalyst.

R, O _ mf JOL R'=Me; R2=Ph
Si. E Si. 1_ R2—
R'”H © R 0" H RI=R%=H
i 0 . yield
# solvent silane catalyst mol % time [h] vessel n
[%]
1 THF* PhMe:SiH Cst)ZI:liv } 0.5 NMR 33¢/
2 THF PhMe:SiH CZSbZP“iV ois 0.5 NMR 33¢/
3 THF PhMe,SiH Cst)ZI:liV (1)'(1) 0.5 NMR 19¢/
5 THP Et:SiH CZSbZP“iV 110 0.5 NMR 0¢
6  THF PhMe:SiH Cst)ZI:liV 110 0.5 NMR 25/
) . 2-7Zn 1 25 mL
4 THF PhMe>SiH e L 0.5 el 100¢
. 2-Zn 0.1 25 mL
d
7 DMF PhMe:SiH o Lo 0.5 o 100¢
; . 2-Zn 0.05 25 mL
§  DMF PhMe>SiH el Y 0.5 om 64¢
. 2-Zn 0.01 25 mL
d
9  DMF PhMe:SiH e o 0.5 e 12¢

a) 0.4 mL THF; 0.1 mL PhMe;SiH, ¥ 0.3 mL THF, 0.2 mL Et;SiH; )0.3 mL THF, 0.2 mL PhMe,SiH, ¥ 0.2 mL DMF; 0.5
mL PhMe,SiH, © stationary CO, atmosphere, once reaction vessel was pressurised no new CO, was added. / Insufficient
CO; volume in NMR tube for complete conversion. ® Constant CO, pressure open valve to CO, supply during reaction.
determined by NMR.

1.3.2  General procedure for catalytic reaction

Me,, Me_ Me O

I - O,
S ,/C/’O 0.1 mol% cat S"OJ\H
0 DMF

0.5 h, 30°C
A 25 mL Schlenk tube equipped with a magnetic stirring bar was charged with the catalyst (3.3

pmol, 0.001 equiv.) and CsOPiv (7.6 mg, 0.033 mmol, 0.01 equiv.). DMF (0.2 mL) and,
subsequently, PhMe>SiH (0.50 mL, 3.3 mmol, 1 equiv.) were added. The argon atmosphere
was removed using the pump-freeze thaw technique (3x). The reaction mixture was heated to
30 °C. The Schlenk tube was pressurised with CO; (1 bar) and stirred at 30 °C for 30 min. To
ensure constant CO; pressure the valve to the CO2 supply was kept open during the reaction.
The CO; atmosphere was removed by using pump freeze thaw (3x) and 0.40 mL of the reaction
mixture was transferred to an NMR tube. 0.20 mL of a standard stock solution (DCM-d.,
CsMes, ¢ = 0.308 M, 0.062 mmol) were added to the aliquot. The yield was determined by 'H
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NMR spectroscopy by using the signals from the methyl-groups of product (0.59 ppm) and
substrate (0.34 ppm).

Table S3. Hydrosilylation of carbon dioxide with PhSiMeH.

# catalyst m [mg] n [pumol] yield [%]“
1 2-Zn 4.6 33 100
2-Zn
2 (no CsOPiv) 4.6 33 24
3 2-Li 3.5 33 9
4 2-Li 3.5 33 ]
LiNTf 3.7 13
5 2-Cu 5.6 33 6
6 2 2.6 33 11
2 2.6 33
b
[ Zn(NTH), 2.2 35 37
g DCPTPA 2.2 3.2 0
Zn(NTh2)2 2.2 3.5
9b DCPTPA 2.2 3.2 05
[CuOTL], - CeHe 0.8 1.6 ’

INMR yield against 1,2,3,4,5,6-hexamethylbenzene. ® Stirred for 2h in DMF at r.t. before adding CsOPiv and PhMe,SiH.

1.3.3 Time resolved monitoring of carbon dioxide hydrosilylation

Me,, Me_Me O

|
i 0.05 mol% cat :
Sive  + /,C”O mol% ca SI‘O)J\H
O DMF, 30°C

A 25 mL Schlenk tube equipped with a stirring bar was charged with catalyst 2-Zn (9.2 mg,
6.5 umol, 0.0005 equiv.), CsOPiv (15 mg, 65 pmol, 0.005 equiv.) and C¢Mes (40 mg, 0.25
mmol, 0.02 equiv.) as internal NMR standard. DMF (0.8 mL) and Me,PhSiH (2.00 mL, 13.0
mmol, 1 equiv.) were added and the argon atmosphere was removed using the freeze-pump-
thaw technique (3x). The reaction mixture was heated to 30 °C and the Schlenk tube was
pressurised with 1 bar CO; to start the reaction. To ensure constant CO; pressure the valve to
the CO; supply was kept open during the reaction. The reaction was stirred at 30 °C and aliquots
(0.2 mL) were taken every 10 min under CO> counter stream. The aliquots were diluted with
0.4 mL DCM-d; and the yield was determined by '"H NMR spectroscopy using the signals from
the SiMe» resonances of product (0.59 ppm) and substrate (0.34 ppm).

Table S4. Time resolved monitoring of carbon dioxide hydrosilylation.
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100

# Time [min] Yield [%]°
1 10 29 80

X 60
2 20 48 =

Q
3 30 68 s 40
4 40 82 20

0

> 50 89 0 10 20 30 40 50 60
6 60 91 Time [min]

2NMR yield against 1,2,3,4,5,6-hexamethylbenzene.

A polynomial trendline (y = -0.0243x% +2.987x, R? = 0.9971) was fitted to the data points. The
TOF 1, (turnover frequency at 50% conversion) was calculated from this equation as 3000 h™.
Kinetic repeated with additional Zn(NTf>), (40.8 mg, 65 umol, 0.005 equiv.) weighted into the
Schlenk tube before adding DMF and silane. No conversion observed within 60 min monitoring
in 10 min intervals.

1.3.4 Isolation of silyl formate PhMe>SiOCHO

Me, Me Me O
0.05 mol% cat i

Ia
SI‘Me + //C/’O SI\O H
O DMF, 30°C

A 25 mL Schlenk tube equipped with a stirring bar was charged with catalyst 2-Zn (9.2 mg,
6.5 pmol, 0.0005 equiv.), CsOPiv (15 mg, 65 pmol, 0.005 equiv.). DMF (0.8 mL) and
Me,>PhSiH (2.0 mL, 13 mmol, 1 equiv.) were added and the argon atmosphere was removed
using the freeze-pump-thaw technique (3x). The reaction mixture was heated to 30 °C and the
Schlenk tube was pressurised with 1 bar CO; to start the reaction. To ensure constant CO:
pressure the valve to the CO2 supply was kept open during the reaction. After 60 minutes the
reaction mixture was transferred to a 25 mL Schlenk flask and the product was distilled under

reduced pressure (20 mbar, head temperature 90 to 98°C). The product was obtained as a
colorless liquid (1.6 g, 9.2 mmol, 69%).

TH NMR (400 MHz, DCM-d>): 8/ppm = 8.13 (s, 1H), 7.71 — 7.63 (m, 2H), 7.51 — 7.39 (m, 3H),
0.63 (s, 6H). BC{IH} NMR (101 MHz, DCM-d,): &/ppm = 161.1 (1C, HCO), 135.4 (1C, Si-
Ph), 133.9 (2C, Si-Ph), 130.8 (1C, Si-Ph), 128.4 (2C, Si-Ph), -1.4 (2C, Si-Me). ¥Si{'H} NMR
(80 MHz, DCM-d>): &/ppm = 14.0 (s).

The NMR data corresponds to those reported in literature.’
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1.3.5 Overview of established transition metal catalysts for CO»

Table S5. Selected examples of transition metal catalysed hydrosilylation of carbon dioxide
yielding silyl formates.?

Cl

| CH,Sil
Pth—Pd ———F'Ph2 SiMeg

v [ h- 7
//( PRa Q<_ ‘BU iPr,P —Co—PiPr, O/
N’A"N o Pt BHAF k(N T) ~
2

. cat. e N el N
RaSH + €02 ———= [ siR, VKW j)\/ 1Bu»éwtﬂu L
i

+

Cat-1 R =iPr Cat-2a Cat-3 Cat-4 Cat-5 Cat-6
R = Cy Cat-2b
R = Ph Cat-2c
# Catalyst CO, additive silane t T TON TOF Ref
[bar] [h]  [°C] [h']

1 Cat-1 | CoRw PhMe:SiH I 25 19300 19300 10
2 Cat-2a 1 C“I({Cz’éc)z PMHS 6 60 62000 10300 11

. . this
3 2-Zn 1 CsOPiv PhMe,SiH 30 3000

work
4 Cat-2b 1 C“I({Cz’éc)z PMHS 6 60 12000 2000 11
5 Cat-2c 1 Cu(OAc), PMHS 6 60 8600 1400 11
H,O
6 [(IPr)Cu(OtBu)] 1 ) (EtO);SiH 60 7489 1248 12
7 Cat-3 5 : nBuSiH; RT 200 714 13
8 RuzCls(MeCN); b ) PhMe,SiH 2 80 465 232 14
- PhSiH; or

9 Cat-4 c PhuSit, 2 25 198 99 15
10 Rhy(OAc), 1 K2C0s PhMe,SiH 2 50 180 90 16
11 RuCl; (H,0), 69-87 : PhMe,SiH 20 100 980 49 9
12 Cat-5 3 ) (Me3SiO),MeSiH 144 90 88 0.6 17
13 [HRu3(CO); ][N(PPhs),] 50 : Et;SiH 24 60 292 12 18
14 Cat-6 6.8 ) (EtO);SiH 3485 100 1006 2.9 19

a Selection criteria: TON or TOF > 80. ® 0.08 mol CO; in a 80 mL reactor charged with 30 mL of MeCN and 0.04 mol
PhMe;,SiH. ¢ 0.4 mol '*CO; in 3.5 mL NMR tube filled with 680 pL liquid volume.

2 Single Crystal X-ray diffraction

Crystal data, data collection parameters and refinement results for 1, 2-Li and 2-Zn have been
compiled in Table S6. Intensity data were collected on a Bruker D8 goniometer with APEX
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CCD area detector in w-scan mode using Mo-K, radiation (1 = 0.71073 A) from an Incoatec
microsource with multilayer optics. A temperature of 100(2) K was maintained with the help
of an Oxford Cryostream 700 instrument. Data were collected with SMART,? integrated with
SAINT+?! and corrected for absorption by multi-scan methods with SADABS.?

Using Olex2,? the structure was solved with the ShelXS structure solution program employing
direct methods,** or with the olex2.solve structure solution program using charge flipping.?>
Full-matrix least-square refinements based on F? were performed with SHELXL.?* Non-
hydrogen atoms were assigned anisotropic displacement parameters unless stated otherwise. In
case of 2-Li the counter ion NTf; was found to be disordered and split on two positions.
Additionally, one molecule of disordered toluene was observed in a late stage of refinement.
0.5 of the NTf-ion and 1 toluene was dealt with by application of the program SQUEEZE?® as
implemented in Platon.?”> 2 The trispyridyl- unit and one cyclohexyl group in 2-Li are
disordered. Site occupancy refinement converged in a ratio of 0.25:0.75. The minor part and
the NTf; anion have only been refined isotropically.

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccde.cam.ac.uk/data_request/cif. The presentation of crystal structures was done with
Mercury 3.9% or Platon.?” 2
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Table S6. Crystal data and structure refinement for 1, 2-Zn and 2-Li.

Complex / 1 2-Zn - 1 THF 2-Li - 1 toluene
CCDC 1855254 1569435 1815009
Empirical formula C47H64F12N6OoP2S4Zn CsoHesF12N6OoP2PdSsZn  CsiHesFsLiNsO4P2PdS2
Formula weight 1340.59 1487.05 1872.59
Temperature/K 100(2) 100(2) 100(2)
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1 P2i/n C2/c
a/A 13.7809(10) 15.0449(7) 14.6156(8)
b/A 16.7029(12) 14.2330(7) 19.4178(10)
c/A 26.20578(18) 29.2644(13) 40.0329(19)
a/° 87.1040(10) 90 90
p/e 89.9450(10) 94.5890(10) 99.0830(10)
v/° 77.8480(10) 90 90
Volume/A3 5855.8(7) 6246.4(5) 11219.0(10)
4 4 4 8
Pealeg/cm’ 1.521 1.581 1.109
wmm'! 0.712 0.949 0.467
F(000) 2768.0 3040.0 3900.0
Crystal size/mm® 0.21x0.18x0.16 0.23 x0.17 x 0.14 0.19 x 0.18 x 0.16
20 range /° 2.50to0 51.02 3.18t0 61.9 3.52t052.98
-16 <h<16 21 <h<21 -18<h<18
Index ranges -220<k<20 -20<k<17 24 <k<24
-31<1<31 -42<1<40 -50<1<50
Refls collected 66902 71133 68052
Independent 21767 [Rint = 0.0794, 18553 [Rint = 0.0350, 1106 [Rint = 0.0509, Rsigma =
reflections Rsigma = 0.0915] Rsigma = 0.0343] 0.0387]

Data/restraints/parameters
GOF
Final R indexes [[>=2c

]
Final R indexes [all data]

Largest diff. peak/
hole / e A7

Structure solution
program

SQUEEZE

Comments

21767/6/1467
1.046

Ri=10.0466, wR> =
0.0998

Ri1=0.0725, wR2 =
0.1097

0.47/-0.40

ShelXS

18553/0/766
1.020

Ri1=0.0307, wR2 =
0.0717

Ri1=0.0397, wR2 =
0.0756

0.59/-0.57

Olex2.solve

11606/70/578
1.039

Ri1=0.0784, wR> = 0.1889
Ri1=0.0907, wR>=0.1976
4.10/-1.25

ShelXS

Solvent accessible void:
2729 A3

Electron count voids: 1029
Good agreement (912
electrons) with anticipated 8
molecules of toluene and 8
x 0.5 molecules of NTf2.

Remaining electron density
of 4.10 located within
disordered NTf>-anion.
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Fig. S1. Solid state structure of minor (25.5%, left) and major (74.5%, middle) conformer of 2-Li (superposition:
right). ORTEPs depicted at the 50% probability level. H atoms NTf2-anion and solvent toluene have been omitted
for clarity.
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3 Overview of known complexes featuring a short Pd,M—distance

The Cambridge Crystallographic Data Centre (CCDC) was searched on August 5% 2018 for
structures featuring a PdA-M (M = Li, Cu, Zn) bond. The found heterometallic complexes (3 x
Pd/Li,3%32 11 x Pd/Cu,***? 13 x Pd/Zn**-") are displayed in Fig. S2, provided that they contain
less than 8 metallic centers.

()i \,/B>j// ZnCp* ( / Ccp*
Pd H\,*/H Cp*Zn — | —CNBu { T N- N O | .
C« j , Li v N DL /Pd [ rance
Pr, / \ iPr, Cp*Zn | CN®Bu ' \! Cpzn .
L|(thf) P f/ﬁ_ N P ZnCp* Zn ZnCp
(CooPdT 2Pl Y (CeFs)2
iPry iPry
LAWPAA3 SOBWOV and ARALIQ% CAZKAS* RAPGIA®
SOBWOV10*
2.457 A 2.634-2.737 A 2.450-2.480 A 2.579 A 2.369-2.384 A
T\
PFq- MegP\ .PMe,

Me

Cp*zn Zn Per, F‘r2P

””” Cul
Cl-Cu—cu—rpd | Ph,Ge 44\/@9%2
(PMe;)Pd :(Zn7Pd(PMes)a N—Pd—2Zn—pd—N N 3 N ,{‘\Ph \Pd/
s N N
Me Z|n Q/PF‘I’Z PrzP\C Pd w Me, Me,
3
IPr

P P
Me &ﬁ' ‘ Id
PMe, ~Ge MeyP
Ph,

RIMZIY>® SIRBAX®! TAXGUX® DOQNON* FEHMEM?3®
2.435-2.580 A 2372-2379A 2.553 A 2.426 A 2.462-2.632 A
E|2N\s(\\?\m_—s
Cl— Cu—Pd —Cu Cl — + EYs—IN
C“ N\ /> PPhg _I NE'Q\;"E / e

&
N_O /‘F“ ST
& el ] | >
< > <U >4 (PhaP)oPd // roThae JR P ss /S('PL:SL
Et,N Is -

HITRAE?® LOMTEN?® POQTIY?’ YIZMEZ*
2.497-2.502 A 2.558 A 2.789 -2.889 A 2.865-2.897 A
Fig. S2. Known palladium complexes featuring Lil, Cu! or Zn'"! as metalloligand.

4 Computational Studies

4.1 Computational methods

Geometry optimisations were carried out without any symmetry restrictions. The minimum on
the potential energy surface was confirmed by the absence of an imaginary frequency in the
vibrational spectrum. Geometry optimisations and frequency analysis were performed using
Turbomole 7.0.1.52:3% The RI approximation®* was used applied throughout. Calculations were
performed with the BP86°% ¢ functional, utilizing a def-SVP>’- 8 basis set. Complexes 2-Zn
and 2-Li were optimised using xyz-coordinates (excluding anion and solvent) from the solid-
state structure. Complex 2-Cu was optimised starting from xyz-coordinates of 2-Zn with Zn(II)
replaced by Cu(I). Complexes 3-Zn, 3-Li and 3-Cu were optimised based on optimised
structures of complexes of 2-Zn, 2-Li and 2-Cu in which the PCy> groups had been dissipated
to PMe: groups.

Electronic structures of complexes 3-Zn, 3-Li and 3-Cu were studied using Natural Bond
Orbital analysis (NBO-6 program)>® implemented in the Gaussian 09 suite of programs.®® NBO
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and NLMO analyses were performed with the BP86 functional, utilizing 6-31G(d)!- ¢ (H, Li,

C, N), MWBI10 (P),* MDF10% (Cu, Zn) and MWB28%* (Pd) basis sets.

4.2 Comparison of optimised structures with solid state structures

Table S7. Comparison of structural parameters of 2-Zn (XRD), 2-Zn* (DFT) and 3-Zn

(DFT).
Parameter 2-7n 2-Zn* 3-Zn
(XRD) (BP86/def-SVP) | (BP86/def-SVP)
Zn,Pd 2.4652(2) 2.498 2.506
P1,Pd 2.2961(4) 2.334 2.313
P2,Pd 2.2888(4) 2.328 2.319
Zn,N1 2.0675(13) 2.127 2.099
Zn,N2 2.0826(13) 2.156 2.135
Zn,N3 2.2955(13) 2.304 2.288
Zn,N4 2.0963(13) 2.138 2.125
P1,Pd.P2 156.214(15) 165.4 166.0
N3,Zn,Pd 172.48(3) 163.8 165.9
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Table S8. Comparison of structural parameters of 2-Li (XRD), 2-Li* (DFT) and 3-Li (DFT).
Parameter 2-Li 2-Li* 3-Li
(XRD) (BP86/def-SVP) | (BP86/def-SVP)
Li,Pd 2.665(9) 2.697 2.713
P1,Pd 2.2612(13) 2.303 2.290
P2,Pd 2.2705(13) 2.309 2.295
Li,N1 2.073(13) 2.171 2.119
Li,N2 2.124(13) 2.177 2.137
Li,N3 2.195(12) 2.219 2.217
Li,N4 2.103(11) 2.146 2.131
P1,Pd,P2 157.27(5) 165.2 166.0
N3,Li,Pd 162.6(6) 158.6 160.5

4.3 Natural Bond Orbital Analysis

Donor-NBO: Acceptor-NBO: NLMO:

LP Pd (49), 1.81933, -0.39490 Es, LV Zn (130), 0.58449, -0.17909 En,  LP Pd (49), 2.00000, 88.722%,

4.52% s, 0.28% p, 95.21% d 98.48% s, 0.53% p, 0.99% d 88.961% Pd, 0.498% P, 0.480% P,
9.031% Zn

Fig. S3. NBO/NLMO plots 3-Zn. NBO: orbital descriptor, occupancy, orbital energy, hybrid contributions.
NLMO: orbital descriptor, occupancy, percentage of parent NBO, atomic contributions. E(2) of Pd—Zn bond from
second order perturbation theory analysis of Fock matrix in NBO basis: 93.30 kcal/mol.
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Donor-NBO: Acceptor-NBO: NLMO:

LP Pd (49), 1.90847, -0.27472 Es, LV Cu (130), 0.34824, +0.08457 En, LP Pd (49), 2.00000, 95.2315%,

6.00% s, 0.07% p, 93.93% d 897.85% s, 0.37% p, 1.79% d 95.269% Pd, 0.534% P, 0.319% P,
2.592% Cu

Fig. S4. NBO/NLMO plots 3-Cu. NBO: orbital descriptor, occupancy, orbital energy, hybrid contributions.
NLMO: orbital descriptor, occupancy, percentage of parent NBO, atomic contributions. E(2) of Pd—Cu bond from
second order perturbation theory analysis of Fock matrix in NBO basis: 28.78 kcal/mol.

Donor-NBO: Acceptor-NBO: NLMO:

LP Pd (44), 1.94007, -0.27657 En, LV Li (122), 0.16728, +0.03599 Es,  LP Pd (44), 2.00000, 96.8869%,
7.25% s, 0.03% p, 92.72%d 99.19% s, 0.63% p, 0.18% d 96.901% Pd, 0.408% P, 0.389% P,
1.429% Li

Fig. S5. NBO/NLMO plots 3-Li. NBO: orbital descriptor, occupancy, orbital energy, hybrid contributions.
NLMO: orbital descriptor, occupancy, percentage of parent NBO, atomic contributions. E(2) of Pd-Li bond from
second order perturbation theory analysis of Fock matrix in NBO basis: 11.76 kcal/mol.

4.4 Interaction between complexes 3-M with Me;SiH

DFT calculations were performed to elucidate the effect of the Zn-ligand in palladium catalyzed
CO; hydrosilylation. DMPTPA was used as a model ligand and Me3SiH as a model substrate.

Hydrosilylation of CO2 with Me3SiH gives an AE of -10.3 kcal/mol and an AG298.15k of -0.2
kcal/mol using BP86/def-SV(P) for optimization

Two possible mechanistic pathways were considered:

1) Oxidative addition of the silane toward complex 3-M via silane adduct formation (4-M)
yielding 5-M (Scheme S1)
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2) Reaction of a Pd°-H complex 6-M with CO, yielding formate complex 7-M (Scheme
S2). This mechanism has been suggested based on isolated Ni’~H and Ni-OCHO inter-
mediates by Lu and coworkers for CO; hydrogenation using a catalyst featuring a dative
Ni’>Ga!l bond.®

N ]N

N
HSiMeg M }
IN - ° //N AN [ N /M O
M N : =

N4 1 NS V7 H N

W N Me.P 7 ! B N Y
| D) e2P —Pd——PMe, PMe,—Pd ——pMe,
PMe, —Pd —pMe, \

MesSi MaSi
3-M 4-M 5-M

Scheme S1. Mechanistic route 1): Oxidative addition of silane towards 3-M.

Route 1

The bond dissociation energy of the silane adducts 4-M increases in the order of Li < Cu <Zn
(Error! Reference source not found.). Similarly, the Pd,H distance decreases, and the Si,H
distance increases in this order, suggesting that an increased acceptor strength of the
metalloligand facilitates silane complexation and Si—H bond activation.

Table S9. Selected bond distances and bond dissociation energies of 4-M.*

4-M d(Si,H) [A] d(Pd,H) [A] d(Pd.M) [A] BDE’ (Pd,H) [kcal/mol]
4-Zn 1.577 1.901 2.526 10.94

4-Cu 1.560 1.942 2.684 3.63

4-Li 1.558 1.942 2.818 2.64

“Turbomole 7.0.1, BP86/SV(P). “Bond dissociation energy.

NBO/NLMO calculations were performed on complexes 4-M to elucidate the impact of the
metalloligand on silane adduct formation (Fig. S6 - Fig. S11). The silane-palladium bond was
composed in all cases of two donor-acceptor interactions.

Firstly, an occupied dx.y--type palladium orbital, which also binds to the unoccupied s-type
orbital of the metalloligand, interacts with the o* (Si—H) bond of the silane. The NBO
stabilizing energy of this palladium-silane interaction increases with the strength of the acceptor
properties of the metalloligand (4-Li: 7.59 kcal/mol, 4-Cu: 9.17 kcal/mol, 4-Zn: 11.3 kcal/mol),
which is in line with the observed Pd—H bond dissociation energies of 4-M (Table S9).
Secondly, the o (Si—H) bond interacts as a donor with an unoccupied s-type palladium acceptor
orbital. This dative bond is not affected by the metalloligands.
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Acceptor-NBO: c* (Si—H) Acceptor-NBO: s (Zn)

N _|2+

‘ NLMO Pd (LP 57):

X 86.66% Pd, 9.397% Zn, 0.255% Si, 0.202% H

ZLN 2™ order perturbation theory analysis of Fock
INTEN= matrix in NBO basis:

f NS
Y

MezP —Pd —— P, Pd—(H-Si): 11.28 kcal/mol

H Pd—Zn: 73.66 kcal/mol
Me3Si—~

NLMO Pd (LP 57) m@)&*ﬁ@

Fig. S6. NBO/NLMO plots of the Pd—(Si—H) and Pd—Zn interaction in 4-Zn.

N _|2+

N
In
Zn
N
i S )

MeoP —Pd——pMe,

H
Me3Si~

Donor-NBO: o(Si—H) Acceptor-NBO: s (Pd)

E(2) of (Si—H)—Pd bond from 2™ order perturbation theory analysis of Fock matrix in NBO basis: 10.50
kcal/mol

Fig. S7. NBO plots of the (Si—-H)—Pd interaction in 4-Zn.
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Acceptor-NBO: s (Cu)

. NLMOPd(LP 57):
92.441% Pd, 2.632% Cu, 0.526% Si,
0.312% H

2™ order perturbation theory analysis of

N Cu .o .
~N SN = Fock matrix in NBO basis:
|
Y

MeoP —Pd —pMe, Pd—(H-Si): 9.17 kcal/mol

H Pd—Cu: 22.19 kcal/mol
Me3Si~

* e ]
NLMO Pd (LP 57) m_@ec%aa@

Fig. S8. NBO/NLMO plots of the Pd—(Si—H) and Pd—Cu interaction in 4-Cu.

Cu
N
N NRES
{ N

Me P —Pd ——pMe,

_H
Me3Si
Donor-NBO: o(Si—H) Acceptor-NBO: s (Pd)

E(2) of (Si—-H)—Pd bond from 2" order perturbation theory analysis of Fock matrix in NBO basis: 7.70
kcal/mol.

Fig. S9. NBO plots of the (Si—-H)—Pd interaction in 4-Cu.
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Acceptor-NBO: s (Li)

NLMO Pd (LP 54):

94.460% Pd, 1.144% P, 0.890% P, 0.893%
Li, 0.564% Si, 0.333% H

2™ order perturbation theory analysis of

Me,P —Pd —— .. .
2P~ Pd—PMe, Fock matrix in NBO basis:

H
MeSi~ Pd—(H-Si): 7.49 kcal/mol

NLMO Pd (LP 54) cm@«@%)a@ Pd—sLi: 6.31 keal/mol

Fig. S10. NBO/NLMO plots of the Pd—(Si—H) and Pd—Li interaction in 4-Li.

H
Me3Si~

Donor-NBO: o(Si—H) Acceptor-NBO: s (Pd)

E(2) of (Si—H)—Pd bond from 2" order perturbation theory analysis of Fock matrix in NBO basis: 9.51
kcal/mol.
Fig. S11. NBO plots of the (Si—-H)—Pd interaction in 4-Li.

The oxidative cleavage of the Si—H bond in 4-Zn gives 5-Zn, in which the hydride adopts a
bridging position between the two metals (Scheme S1). This transformation is an uphill process
(AE = +19.8 kcal/mol).

Route 2

As a starting point formate complex 6-Zn was chosen. This is in line with the observation, that
3-Zn readily reacts with CsOPiv, used as an additive in the hydrosilylation reactions. The
formate ligand in 6-Zn adopts a similar coordination position as the NTf:-anion in the solid
state structure of 3-Zn. The reaction energy of this transformation was calculated as AE = -
156.9 kcal/mol (AGaes.15 = -144.7 kcal/mol) in the gas phase. According to the mechanism
observed by Lu for her Ga/Ni system reaction with HSiMes would then generate Pd°-hydride
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7-Zn with simultaneous extrusion of silyl formate (AE = +7.8 kcal/mol, AGaes15 = +5.0
kcal/mol).®® Insertion of CO; into the Pd—H bond then regenerates formate complex 6-Zn (AE

= -18.1 kcal/mol, AG29g.15 = -5.1 kcal/mol) closing the catalytic cycle.
o

HSMes  Me,si0” “H

N T + N —‘ +
A\
—\ 2+ ’/ ’/
‘, N N
N IN IN
Zn Zn
’N OCHO- N NS ONTEON T
N /Zn\ { / N { / NS
4 N PMe,—Pd / /
( ) e h —PMe, PMe,—Pd —pMe,
PMe, —Pd ——PMe, o
3-Zn
H 6-Zn 7-Zn
co,

Scheme S2. Mechanistic route 2): Intermediate formation of Pd*-H (7-M).

In comparison, a AE value of +7.4 kcal/mol (AG2og.1s = +6.6 kcal/mol) was found for the
transition of 6-Li to 7-Li. Regeneration of 6-Li was calculated as AE =-17.7 kcal/mol (AGaz9s.15
= -6.9 kcal/mol). The higher energetic position of hydride 7-M relative to formate 6-M with
lithium as acceptor ligand compared to zinc could possibly explain the decreased reaction
velocity of catalyst 2-Li compared to 2-Zn.

Possible stabilization of the palladium hydride intermediate 7-Zn and 7-Li by the metalloligand
was examined by NBO/NLMO analysis (Fig. 12 and Fig. 13). For 7-Zn NBO/NLMO analysis
suggested that two s-type orbitals at Si and H each form a o-Zn,H and ¢*-Zn,H bond. The
unoccupied 6-Zn,H bond acts as an NBO-acceptor for an dx..y--type palladium NBO-donor with
an associated NBO stabilizing energy of 90.3 kcal/mol. The corresponding palladium NLMO
has significant contributions of both zinc (8.103%) and hydrogen (5.776%).

The NLMO of the ¢*-Zn,H bond was found occupied with two electrons, emphasizing that
complex 7-Zn is best described as a Pd°-hydride.

In contrast, no significant stabilization of the hydride by the lithium metalloligand was found
in 7-Li. Here, a Pd—H bond is observed, which interacts weakly with an s-type acceptor orbital
at lithium (NBO stabilizing energy: 12.42 kcal/mol). Additionally, a weak Pd°>Li! interaction,
similar to the one in 3-Li, is found (NBO stabilizing energy: 8.45 kcal/mol).
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Donor-NBO LP49 (Pd)  Acceptor-NBO BD130
(0-Zn,H)

NBO stabilizing energy LP49>BD130: 90.31
kcal/mol

Fig. 12. NBO/NLMO analysis of 7-Zn.

Donor-NBO LP43 (Pd)  Donor-NBO BD54 (c-
Pd,H)

Composition
NLMO LP43

Pd 97.128%
Li 0.566%
P 0.477%

P 0.494%

9
NLMO LP43 (Pd)
Fig. 13. NBO/NLMO analysis of 7-Li.

Summary

NLMO LP49 (Pd)

Pd 83.572%, Zn 8.103%,
H 5.776%, P 0.816%, P
0.690%

Acceptor-NBO LV121
(L1)

I

NLMO BD54 (c-Pd,H)

NLMO BD*128 (c*-
Zn,H) (occupied)

H 57.781%, Zn 23.976%,
P 4.860%, P 4.733%, Pd
2.028

NBO stabilizing
energies [kcal/mol]

LP43->LVI121: 8.45
BD54>LVI121: 12.42

Composition BD54

H 66.762%
Pd 13.063%
P 3.475%
P 3.503%
Li0.487%

Possible intermediates of CO» hydrosilylation were optimized by DFT calculations. These
results suggest an intermediate Pd°-H hydride rather than a Pd"-silylhydride formed by
oxidative addition. This mechanism corresponds to the one suggest by Lu for her Ga/Ni catalyst
system. It explains the beneficial effect of the CsOPiv additive. NBO/NLMO show a relevant
stabilization of the Zn" ligand of the Pd°-H, which is not observed for Lil. This deviating
stabilization could be responsible for the different catalytic activity.
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5 Spectra
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PCyZ
DCPTPA
#
— »L Y
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A mMma S w© SO~
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31p NMR
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Fig. S15.3'P{'H} NMR (161. 98 Mz, DCM- dz) of DCPTPA.

S-27



13C NMR

Qﬁ”

|
X PCYZ

DCPTPA

I ‘ J . |
# CD,Cl,
40 230 220 210 200 190 180 170 160 150 140 130 1é0 110 100 90 80 7‘0 6‘0 5‘0 4‘0 30 20 10 0 -10 -20 —3‘0 -4
Fig. $16. 3C{'H} NMR (100.62 MHz, DCM-d:) of DCPTPA.
TH NMR
PCy, Cy,R (NTfp),
7 "*OM?EQ
N—Zn "N\
— ‘ \N,
I\/
1
#
| ‘ AL UV
585838% 858m 83%g
#CD2C|2 g e Nera <28«

Fig. S17. 'H NMR (400.3 MHz, DCM-ds) of [(dcptpa)Zn](Nsz)z
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PCy, Cy,R (NTfo)2
\\/
N
1
I
]‘;0 ‘ 1;0 ‘ 1';0 I ];O I 1';0 l Qlﬂ I 7‘0 I 5‘0 I 3‘0 I 1‘0 I -1‘0 I -;0 ‘ -';0 I -;0 ‘ -QIO I-]‘]OI-1‘30‘-1‘50‘-1‘70‘-]“30

Fig. S18. >'P NMR (400.3 MHz, DCM-d:) of of [(deptpa)Zn](NTf)..

3C NMR
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PCy2 Cy2P
I-||0Me 7\

N
N—Zn _
\

| N

1

(NTf),

Al

# CD,Cl,

T T T
20 210 200 190 180 170 160 150 140 130 120 110 100 90

Fig. S19. 3C{'H} NMR (100.62 MHz, DCM-d:) of [(deptpa)Zn](NTf2)..

T T

T T

T

-10

S-29



H NMR

[(deptpa)Pd] 2

# THF-dg ¥ 4

T T T T

152 —o
~1833 =
1

~11.66
173.47-
136 =

16 15 14 13 12 11 10 9 8 7

Fig. S20. '"H NMR (400.3 MHz, THF-ds) of 2.

3P NMR

[(decptpa)Pd] 2

Fig. S21.°'P{'H} NMR (161.98 MHz, THF-ds) of2.
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TH NMR

(NTfp),
Cy,P—Pd—RCy,
7\
74 \N Zn-N
—2Zn o
— l \N‘
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Fig. S22. '"H NMR (400.3 MHz, THF-ds) of 2-Zn.
31P NMR
i (NTE),
Cy,P—Pd—RCy,
J N/ A
N—2Zn "N\
— ' \N‘
\\/
2-Zn
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Fig. $23.3'P{'H} NMR (161.98 MHz, THF-ds) of 2-Zn.
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3C NMR
_ - #

(NTf,),
Cy,P—Pd—RCy,
7\
7200 NI
N Z‘n\’jg
i N \/_ #
2-Zn
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# THF-d,
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Fig. S24. 3C{'H} NMR (100.67 MHz, THF-ds) of 2-Zn.

°F NMR
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Fig. S25. °F{'"H} NMR (376.62 MHz, THF-ds) of 2-Zn.
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TH NMR
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/Il
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Fig. $26. "H NMR (400.3 MHz, C¢Ds) of 2-Li
3P NMR
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Fig. $27.3'P{'H} NMR (161.98 MHz, C¢Ds) of 2-Li.
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13C NMR #
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Fig. $28. °C{'H} NMR (100.67 MHz, CsDe)of 2-Li.

Li NMR
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Fig, $29. 7Li{' H} NMR (155.51 MHz, CeD) of 2-Li,
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Fig, S30. 19F{ H} NMR (376.62 MHz, CsDe) of 2-Li
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Fig. S31. '"H NMR (400.3 MHz, CsDs) of 2-Cu.
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Fig. $32.3'P{'H} NMR (161.09“8 MI7{nZ, CeDg) of 2-Cu.
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Fig. $33. *C{'H} NMR (150.85 MHz, CsDs)of 2-Cu,
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Fig. S34. "B{'H} NMR (155.51 MHz, CsDs) of 2-Cu.
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Fig. $35. °F{'H} NMR (376.62 MHz, CsDs) of 2-Cu,
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Fig. S36. 'H NMR (400.3 MHz, CsDs) of HCO(O)SiMe:Ph..
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Fig. $37. 3C{'H} NMR (150.85 MHz, CsDs) of HCO(O)SiMe:Ph.
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Fig. $38.2Si{'H} NMR (150.85 MHz, CsD¢) of HCO(O)SiMe,Ph.
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