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1. General experimental methods.

All manipulations were performed under argon using standard Schlenk line and glove box techniques
unless otherwise stated. Glassware was oven dried at 150 °C overnight and flamed under vacuum prior
to use. 3 A molecular sieves were activated by heating at 300 °C in vacuo overnight prior to use. Anhydrous
solvents were obtained from commercial sources. Hexane was further dried over Na/K; alloy, vacuum-
distilled, and freeze-pump-thaw degassed before being placed under argon over a potassium mirror.
CH.CI, was further dried over CaH: overnight, vacuum-distilled, and freeze-pump-thaw degassed three
times before being placed under argon over activated 3 A molecular sieves. THF was further dried over
Na/benzophenone, vacuum-distilled, and freeze-pump-thaw degassed three times before being placed
under argon over activated 3 A molecular sieves. Fluorobenzene was stirred over neutral alumina, filtered,
stirred over CaH; overnight, vacuum-distilled, and freeze—pump—thaw degassed three times before being
placed under argon over activated 3 A molecular sieves." CD,Cl, was placed over activated 3 A molecular
sieves and freeze-pump-thaw degassed three times before being placed under argon. frans-
[Rh(biph)(PPhs).Cl]*>?® and CxP* were prepared using literature procedures, or minor variations thereof.
For convenience, the full multi-step procedure for the latter is reported below. All other reagents and
solvents are commercial products and were used as received. NMR spectra were recorded on Bruker
spectrometers at 298 K unless otherwise stated. Chemical shifts are quoted in ppm and coupling constants
in Hz. Virtual coupling constants are reported as the separation between the first and third lines.® 'H and
P{'"H} NMR spectra recorded in fluorobenzene were referenced using an internal sealed capillary of a 25
mM solution of trimethylphosphate in CeDs (611 3.38, 3Jpn = 11 Hz; 831 = 3.7).° The C(CF3)s carbon
resonance of the [AI(OR)4]” anion was not observed in any "*C{'"H} NMR spectra described herein. High-
resolution ESI mass spectra (HR ESI-MS) were recorded on a Bruker Maxis Plus instrument. Low-
resolution ESI mass spectra (LR ESI-MS) were recorded on an Agilent 6130B single Quad instrument.
Solution-phase IR spectroscopy was performed on a PerkinElmer Spectrum 100 spectrometer. ATR-IR
spectroscopy was performed on a Bruker ALPHA FT-IR spectrometer. Microanalyses were performed by

Stephen Boyer at London Metropolitan University.
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2. Synthesis of CxP2

5,17-bis(diphenylphospinomethy)-25,26,27,28-tetrapropoxycalix[4]Jarene (CxP2) was synthesised over
eight steps in 17% overall yield from commercial tert-butylcalix[4]arene using modified literature protocols
which are summarised in Figure S1. In the final step, the diphosphine can be accessed from
bis(bromomethyl) or bis(chloromethyl) functionalised calix[4]arenes (C7 and C8) with KPPhy, but the

former is higher yielding.
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Figure S1. Synthesis of CxPy: (i) AICls, PhOH, toluene, RT, 5 h; (ii) Prl, NaH, DMF, 80 °C 18 h; (iii) N-

bromosuccinimide, THF, RT, 24 h; (iv) "BuLi, THF, -78 °C, 20 min; MeOH; (v) "BuLi, THF, -78 °C, 15

min; DMF; (vi) NaBHa, EtOH, 1.5 h; (vii) SOCl, CH2Cly, -78 °C to RT, 2.5 h; (viii) PBrs, CHxClz, RT, 10
min; (ix) KPPh,, THF, -78 to RT, 18 h.

2.1. Preparation of 25,26,27,28-tetrahydroxycalix[4]arene (C1)

Under N2: a suspension of tert-butylcalix[4]arene (30.0 g, 46.2 mmol), AICl; (46.3 g, 347 mmol) and phenol
(21.8 g, 231 mmol) in toluene (1 L) was stirred at ambient temperature for 5 h. In air: the reaction mixture
was poured onto HCl@q) (2 M, 800 mL) and then extracted into CH>Cl, (800 mL). The organic phase was
washed with H,O (3%x400 mL), dried over MgSOQ., and the solvent removed in vacuo. The residue was
dissolved in CH»2Cl, (50 mL) and the product precipitated by the addition of MeOH (400 mL), isolated by
filtration, and dried in vacuo. Yield: 16.0 g (37.7 mmol, 82%; white solid). Spectroscopic data are consistent

with previous reports.’
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'"H NMR (CDCls, 400 MHz): 6 10.19 (s, 4H, OH), 7.05 (d, *Jun = 7.6, 8H, m-Ar), 6.73 (t, °Jun = 7.6, 4H, p-
Ar), 4.26 (br, 4H, ArCH-Ar), 3.55 (br, 4H, ArCHAr).
LR ESI-MS (negative ion): 423.2 ([M—H]", calcd 423.2) m/z.
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Figure S2. "H NMR spectrum of C1 (CDCl;, 400 MHz).

2.2. Preparation of 25,26,27,28-tetrapropoxycalix[4]arene (C2)

Under Nz: to a solution of C1 (14.9 g, 35.0 mmol) in DMF (1 L) was added Prl (29.4 mL, 302 mmol) and
NaH (10.9 g, 452 mmol) and the reaction stirred at 80 °C for 18 h. In air; the suspension was cooled to
ambient temperature, poured onto H>O (1 L), and then extracted into CH»Cl» (1 L). The organic phase was
washed with HClaq) (2 M, 2x1 L), dried over MgSOs, and the solvent removed in vacuo. The residue was
dissolved in CH»Cl, (50 mL) and the product precipitated by the addition of MeOH (400 mL), isolated by
filtration, and dried in vacuo. Yield: 17.6 g (29.7 mmol, 79%; white solid). Spectroscopic data are consistent

with previous reports.®

'"H NMR (CDCls, 300 MHz): & 6.68 — 6.49 (m, 12H, m-Ar+p-Ar), 4.46 (d, 2Jun = 13.3, 4H, ArCH,Ar), f3.85
(t, *Jun= 7.5, 8H, OCHy>), 3.15 (d, ?Jun = 13.4, 4H, ArCH>Ar), 1.93 (hex, 3Jun = 7.5, 8H, CH.CHj3), 1.00 (t,
3Jun = 7.5, 12H, CH2CHs).

LR ESI-MS (positive ion): 615.5 ([M+Na]*, calcd 615.3) m/z.

mmmmmmm
©OOnnILW

wwwwwww

__~317

~-3.13
/
Y

—— 726
_ _-448
243

407 | =——-

11.97

‘ 4.0 3.5 ‘ 3.0 ‘ 25 ‘ 2.0 1.5 1.0 ‘ 0.5 ‘ 0.0 ‘
Figure S3. "H NMR spectrum of C2 (CDCl;, 300 MHz).
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2.3. Preparation of 5,11,17,23-tetrabromo-25,26,27,28-tetrapropoxycalix[4]arene (C3)

Under N2: a solution of C2 (4.10 g, 6.92 mmol) and N-bromosuccinimide (11.1 g, 62.2 mmol) in THF (250
mL) was stirred at ambient temperature for 24 h. In air: the reaction mixture was poured onto NaHSO3,q)
(10 wt%, 250 mL) and then extracted into CH2Cl, (250 mL). The organic phase was washed with H,O
(2%x250 mL) and dried over MgSQOs4. The solution was concentrated to 50 mL and the product precipitated
by the addition of MeOH (400 mL), isolated by filtration, and dried in vacuo. Yield: 5.44 g (5.99 mmol, 87%;

white solid). Spectroscopic data are consistent with previous reports.®

'"H NMR (CDCl3, 300 MHz): 6 6.80 (s, 8H, m-Ar), 4.35 (d, 4H, 2Jun = 13.5, ArCH,Ar), 3.80 (t, 3Jun = 7.5,
8H, OCHy), 3.08 (d, 4H, 2Jun = 13.5, ArCH-Ar), 1.87 (hex, *Jun = 7.4, 8H, CH,CH3), 0.96 (t, 3Jun = 7.4,
12H, CH2CH3).

LR ESI-MS (positive ion): 931.1 ([M+Na]*, calcd 931.0) m/z.
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Figure S4. "H NMR spectrum of C3 (CDCl;, 300 MHz).

2.4. Preparation of 5,17-dibromo-25,26,27,28-tetrapropoxycalix[4]arene (C4)

Under N2: to a solution of C3 (22.0 g, 24.2 mmol) in THF (750 mL) cooled to -78 °C was added "BulLi (38.0
mL, 1.6 M in hexanes, 60.8 mmol) and the reaction stirred for 20 mins, then quenched with the addition of
MeOH (100 mL). In air: the mixture was warmed to ambient temperature, poured onto ice-cold HCl(aq) (2
M, 750 mL), and extracted into CH2Cl; (500 mL). The organic phase was washed with H,O (2x500 mL),
dried over MgSOQOs, and the solvent removed in vacuo. The residue was dissolved in CH,Cl, (50 mL) and
the product precipitated by the addition of MeOH (400 mL), isolated by filtration, and dried in vacuo. Yield:

12.4 g (16.5 mmol, 68%; white solid). Spectroscopic data are consistent with previous reports.®

'"H NMR (CDCl3, 300 MHz): 6 6.77 (s, 4H, m-Ar®"), 6.64 (s, 6H, m-Ar+p-Ar), 4.40 (d, 2Jun = 13.4, 4H,
ArCHoAr®"), 3.84 (t, *Jun = 6.9, 4H, OCHy>), 3.81 (t, 3Jun = 6.9, 4H, OCH,), 3.11 (d, 2Jun = 13.4, 4H,
ArCHoAr®"), 1.91 (hex, 3Jun = 7.4, 8H, 2xCH2CHj3), 0.99 (t, 3Jun = 7.5, 6H, CH2CHs), 0.98 (t, 3Jun = 7.5,
6H, CH2CHs3).

LR ESI-MS (positive ion): 773.3 ([M+Na]*, calcd 773.2) m/z.
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Figure S5. "H NMR spectrum of C4 (CDCl;, 300 MHz).

2.5. Preparation of 5,17-diformyl-25,26,27,28-tetrapropoxycalix[4]arene (C5)

Under N2: to a solution of C4 (11.4 g, 15.2 mmol) in THF (500 mL) cooled to -78 °C was added "BulLi (38.0
mL, 1.6 M in hexanes, 60.8 mmol) and the reaction stirred for 15 mins, then quenched with the addition of
DMF (25 mL, 304 mmol). In air: the mixture was warmed to ambient temperature, poured onto ice-cold
HClag) (2 M, 500 mL), and extracted into CH>Cl, (500 mL). The organic phase was washed with H,O
(2%x500 mL), dried over MgSO., and the solvent removed in vacuo. The crude residue was dissolved in
hot EtOH (100 mL) and cooled to 4 °C to precipitate the product, which was isolated by filtration and dried
in vacuo. Yield: 6.40 g (9.86 mmol, 65%, white solid). Spectroscopic data are consistent with previous
reports.®

'"H NMR (CDCl3, 300 MHz): § 9.47 (s, 2H, CHO), 7.00 (s, 4H, m-Ar®"©), 6.85-6.61 (m, 6H, m-Ar+p-Ar),
4.47 (d, >Jun = 13.6, 4H, ArCH,Ar°"°), 4.01-3.68 (m, 8H, 2xOCH>), 3.23 (d, 2Jun = 13.6, 4H,
ArCH,Arc"°), 1.91 (hex, %Jun = 7.4, 8H, 2xCH2CHjs), 1.03 (t, 3Jun = 7.3, 6H, CH2CHa), 0.97 (t, 3Jun = 7.3,
6H, CH2CHs).

LR ESI-MS (positive ion): 671.4 ([M+Na]’, calcd 671.3) m/z.
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Figure S6. "H NMR spectrum of C5 (CDCls, 300 MHz).
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2.6. Preparation of 5,17-bis(hydroxymethyl)-25,26,27,28-tetrapropoxycalix[4]arene (C6)

Under N2: to a solution of C5 (6.48 g, 10.0 mmol) in EtOH (200 mL) was added NaBH4 (0.378 g, 10 mmol)
and the reaction stirred at ambient temperature for 1.5 h. In air: the solvent was removed in vacuo and the
crude mixture extracted into CH.Cl, (100 mL). The organic phase was washed with HCl(aq) (2 M, 2x100
mL), H20 (2x100 mL), dried over MgSOs, and the solvent removed in vacuo. The compound was purified
by flash column chromatography (SiO2; 2:2:3 CH2Cl2:EtOAc:hexane). Yield: 6.11 g (9.36 mmol, 93%; white

solid). Spectroscopic data are consistent with previous reports.'®"

"H NMR (CDCls, 300 MHz): 6 6.92 (d, ®Jun = 7.3, 4H, m-Ar), 6.79 (t, 3Jun = 7.2, 2H, p-Ar), 6.38 (s, 4H, m-
Aro™), 4.46 (d, 2Jun = 13.2, 4H, ArCH,Ar"), 4.16 (s, 4H, CH,OH), 3.98 (t, °Jun = 7.8, 4H, OCH,), 3.73 (t,
3Jun = 6.8, 4H, OCH_), 3.15 (d, %Jnn = 13.3, 4H, ArCH.Ar®"), 1.98 (hex, 3Jun = 7.4, 4H, CH.CH3), 1.90 (hex,
%Jnn = 7.3, 4H, CH2CHs), 1.80 (s, 2H, OH), 1.05 (t, °Jnn = 7.3, 6H, CH2CHs), 0.94 (t, °Jnn = 7.4, 6H, CH2CHj).
LR ESI-MS (positive ion): 675.5 ([M+Na]’, calcd 675.4) m/z.
LR ESI-MS (negative ion): 651.4 ([M—H]", calcd 651.4) m/z.
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Figure S7. "H NMR spectrum of C6 (CDCls, 300 MHz).

2.7. Preparation of 5,17-bis(chloromethyl)-25,26,27,28-tetrapropoxycalix[4]arene (C7)

Under N2: to a solution of C6 (1.31 g, 2.00 mmol) in CH2Cl» (25 mL) cooled to -78 °C was added SOCI-
(0.44 mL, 6.0 mmol) dropwise. The reaction was stirred for 30 mins while warming to ambient temperature
and then stirred for a further 2 h. In air: the volatiles were removed in vacuo and the crude material washed
with ice cold pentane (10 mL). Crystallisation from hot pentane (ca. 250 mL) afforded the pure product.

Yield: 1.20 g (1.74 mmol, 87%; white solid). Spectroscopic data are consistent with previous reports.*

'H NMR (CDCl3, 300 MHz):  6.71-6.61 (m, 6H, m-Ar+p-Ar), 6.58 (s, 4H, m-Ar®'), 4.43 (d, 2Jun = 13.3, 4H,
ArCHoAr®), 4.24 (s, 4H, CH2ClI), 3.87 (t, ®Jun = 7.5, 4H, OCHy>), 3.82 (t, *Jun = 7.5, 4H, OCHy>), 3.14 (d, 2Jun
= 13.4, 4H, ArCH,Ar®), 1.93 (hex, 3Jun = 7.3, 4H, CH2CHs), 1.90 (hex, Jun = 7.3, 4H, CH.CHs), 1.00 (t,
3Jun = 7.6, 6H, CH,CH3), 0.97 (t, ®Jun = 7.6, 6H, CH.CH3).

LR ESI-MS (positive ion): 711.5 ([M+Na]*, calcd 711.3) m/z.
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Figure S8. "H NMR spectrum of C7 (CDCls, 300 MHz).

2.8. Preparation of 5,17-bis(bromomethyl)-25,26,27,28-tetrapropoxycalix[4]arene (C8)

Under N2: to a solution of C6 (2.00 g, 3.06 mmol) in CH.Cl, (250 mL) was added PBr; (0.316 mL, 63.4
mmol) dropwise at ambient temperature and the reaction stirred for 10 mins. In air: the solution was
washed with NaHCO35q) (satd., 3x250 mL) and extracted into CH2Cl2 (3%x50 mL). The organic phase was
washed with H20 (3%x250 mL), dried over MgSOs, and dried in vacuo. Yield: 2.25 g (2.89 mmol, 93%; white

solid). Spectroscopic data are consistent with previous reports.°

'H NMR (CDCl3, 300 MHz): 6 6.69-6.61 (m, 6H. m-Ar+p-Ar), 6.59 (s, 4H, m-Ar®"), 4.41 (d, 2Jun = 13.5, 4H,
ArCHoArP"), 4.17 (s, 4H, CH,Br), 3.85 (t, *Jun = 7.7, 4H, OCH,), 3.82 (t, *Jun = 7.6, 4H, OCHy>), 3.13 (d, 2Jun
=13.4, 4H, ArCH.Ar®"), 2.03-1.80 (m, 8H, 2xCH2CHs), 0.99 (t, *Jun = 7.5, 6H, CHCHs), 0.97 (t, *Jun = 7.5,
6H, CH2CHs).

LR ESI-MS (positive ion): 801.3 ([M+Na]’, calcd 801.2) m/z.
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Figure S9. "H NMR spectrum of C8 (CDCls, 300 MHz).
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2.9. Preparation of CxP;

Method A: To a solution of C7 (1.0 g, 1.5 mmol) in THF (25 mL) cooled to -78 °C was added a solution of
KPPh; (0.5 M in THF, 8.7 mL, 4.4 mmol) dropwise with stirring. The reaction was warmed to ambient
temperate overnight and then refluxed at 70 °C for 2 h. The resulting suspension was washed with
NH4Cl(aq) (satd., 3x30 mL, argon-sparged), H-O (3x30 mL, argon-sparged), then dried over MgSO4 and
filtered. The solution was to ca. 5 mL in vacuo and the product precipitated by addition of excess hexane
(ca. 100 mL). Additional material was obtained by concentrating the supernatant to ca. 50 mL in vacuo.
The product was isolated by filtration and the combined batches dried in vacuo. Yield: 1.00 g (1.01 mmol,

67%; white crystalline solid).

Method B: To solution of C8 (0.45 g, 0.58 mmol) in THF (15 mL) cooled to -78 °C was added a solution
of KPPh2 (0.5 M in THF, 3.5 mL, 1.75 mmol) dropwise with stirring. The reaction was warmed to ambient
temperate overnight, and the resulting suspension washed with NH4Clq) (satd., 3x20 mL, argon-sparged),
H,O (3x20 mL, argon-sparged), then dried over MgSO, and filtered. The solution was reduced to ca. 5 mL
in vacuo and the product precipitated by addition of excess hexane (ca. 100 mL). Additional material was
obtained by concentrating the supernatant to ca. 50 mL in vacuo. The product was isolated by filtration
and the combined batches dried under high vacuum. Yield: 463 mg (46.8 mmol, 81%; white

microcrystalline solid).
Spectroscopic data are consistent with previous reports.*

"H NMR (CD2Cl,, 500 MHz,): 6 7.47—7.41 (m, 8H, 0-Ph), 7.37-7.33 (m, 12H, m-Ph+p-Ph), 6.75 (s, 4H, m-
Ar), 6.17 (t, ®Jun = 7.5, 2H, p-Ar), 5.88 (d, 3Jun = 7.6, 4H, m-Ar), 4.31 (d, ?Jun = 13.2, 4H, ArCH.Ar"), 3.89
(t, Jun = 6.8, 4H, OCHy>), 3.62 (t, °Jun = 6.8, 4H, OCHy), 3.37 (s, 4H, CH,P), 2.96 (d, ?Jun = 13.3, 4H,
ArCH,Ar"), 1.89 (hex, 3Jun = 8.0, 4H, CH.CHj3), 1.84 (hex, *Jun = 7.2, 4H, CH,CH3), 1.05 (t, 3Jnn = 7.4, 6H,
CH2CHj3), 0.88 (t, 3Jun = 7.5, 6H, CH2CHs).

¥P{'"H} NMR (CDCl>, 162 MHz): 5 -10.0 (s).

LR ESI-MS (positive ion): 1097.2 ([M+Ag]’, calcd 1097.4) m/z.
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Figure $10. '"H NMR spectrum of CxP2 (CD2Clz, 500 MHz).
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Figure S11. 3'P{'"H} NMR spectrum of CxP2 (CD2Cl,, 162 MHz).

3. Synthesis and reactivity of rhodium triphenylphosphine complexes

3.1. Preparation of trans-[Rh(biph)(PPhs)2(k'-CICH2CI)][AI(ORF)4] (2-DCM)

Method A: A suspension of trans-[Rh(biph)(PPh3).Cl] (326.1 mg, 400.0 ymol) and Li[AI(ORF)4] (409.1 mg,
420.0 ymol) in anhydrous CH2Cl, (5 mL) over activated 3 A molecular sieves (ca. 100 mg) was stirred at
ambient temperature for 18 h. The reaction was filtered, and the product precipitated by addition of excess
anhydrous hexane (ca. 40 mL), isolated by decantation, and dried in in vacuo. Yield: 628.1 mg (359.6

pumol, 96%; orange solid).

Method B: The product can be generated quantitively in situ by treatment of 2-OH2 (17.6 mg, 10.0 ymol)
in CD,Cl (0.5 mL) within a J. Young valve NMR tube with 3 A molecular sieves (100-2000 wt%, 1-5 h) at
ambient temperature.

Spectroscopic data are consistent with previous reports for the [BAr"4]” salt.

"H NMR (500 MHz, CD2Clo): & 7.51 (t, 3Jun = 7.5, 6H, p-Ph), 7.33 (t, 3Jun = 7.7, 12H, m-Ph), 7.07-6.99(m,
14H, o-Ph+6-biph), 6.87 (t, 3Jun = 7.3, 2H, 4-biph), 6.76 (t, *Jun = 7.7, 2H, 5-biph), 6.65 (d, Jun = 7.5, 2H,
3-biph).

3C{"H} NMR (126 MHz, CD,Cl,): & 154.8 (dt, 'Jrnc = 39, 2Jpc= 10, 1-biph), 150.0 (s, 2-biph), 134.0 (vt, Jrc
=12, 0-Ph), 132.4 (s, p-Ph), 131.7 (s, 6-biph), 129.6 (vt, Jrc = 10, m-Ph), 127.0 (vt, Jrc = 48, i-Ph), 126.5
(s, 5-biph), 125.3 (s, 4-biph), 123.6 (s, 3-biph), 121.8 (q, "Jrc = 294, CF3).

3P{"H} NMR (162 MHz, CD2Cl,): 5 19.7 (d, "Jrnp = 119).

HR ESI-MS (positive ion): 779.1493 ([M—CI]*, calcd 779.1498) ml/z.
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Figure $15. High-resolution ESI mass spectrum of 2-DCM (top: measured, bottom: calcd.).

3.2. Stability of 2-DCM under dinitrogen.

A solution of 2-DCM (8.7 mg, 5.00 pymol) in CD2Cl; (0.5 mL) within a J. Young valve NMR tube under an
atmosphere of argon (1 atm; passed over activated 3 A molecular sieves) was freeze-pump-thaw
degassed and placed under an atmosphere of dinitrogen (1 atm; passed over activated 3 A molecular

sieves). No meaningful spectroscopic changers were observed after standing at ambient temperature for
18 h.
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Figure $16. "H NMR spectrum of 2-DCM under dinitrogen (CD2Cl, 400 MHz).
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Figure $17. *'P{'"H} NMR spectrum of 2-DCM under dinitrogen (CD2Clz, 162 MHz).

3.3. Preparation of trans-[Rh(biph)(PPhs)2(OH2)][AI(ORF)4] (2-OH,)

Method A: A suspension of trans-[Rh(biph)(PPh3).Cl] (360 mg, 442 umol) and Li[Al(OR")4] (475 mg, 486
pumol) in CH2Cl, (5 mL) was stirred at ambient temperature for 18 h. The reaction was filtered and H,O (7.0
ML, 4.4 mmol) was added to the supernatant. The crude product was precipitated by addition of excess
hexane (ca. 40 mL) and isolated by filtration. The crude product was extracted into CH.Cl, (ca. 10 mL),
filtered, and the solvent removed in vacuo to afford the product. Yield: 725.5 mg (411.1 ymol, 93%; orange
solid).

Method B: To a solution of 2-DCM (200 mg, 112 pmol) in CH2Cl; (1 mL) was added excess of H,O (ca.
0.1 mL) at ambient temperature. The solution was agitated briefly, and the product precipitated by addition
of excess hexane (ca. 20 mL), isolated by filtration, and dried in vacuo. Yield: 189.6 mg (107.4 ymol, 96%;

orange solid).

Whilst not systematically prepared, the crystal structure of the [BAr"4]™ salt has previously been reported.?

"H NMR (CD,Cl,, 500 MHz): 6 7.52 (t, 3Jun = 7.4, 6H, p-Ph), 7.35 (t, 3Jun = 7.5, 12H, m-Ph), 6.98 (app. q,
J=5.7, 12H, 0-Ph), 6.93 (d, 3Jun = 7.7, 2H, 6-biph), 6.91 (t, 3Jun = 7.5, 2H, 4-biph), 6.83 (d, Jnn = 7.3, 2H,
3-biph), 6.74 (t, 3Jun = 7.5, 2H, 5-biph), 2.44 (s, 2H, OHy).

3C{"H} NMR (CDCl, 126 MHz): & 154.0 (dt, "Jrnc = 39, 2Jpc = 9, 1-biph), 150.9 (s, 2-biph), 133.8 (vt, Jrc
=12, 0-Ph), 132.4 (s, p-Ph), 132.0 (s, 6-biph), 129.9 (vt, Jrc = 10, m-Ph), 126.4 (vt, Jrc = 47, i-Ph), 126.1
(s, 5-biph), 125.0 (s, 4-biph), 123.2 (s, 3-biph), 121.8 (q, "Jrc = 294, CF3).

3P{"H} NMR (CD.Cl, 162 MHz): 5 22.2 (d, "Jrnp = 119).

HR ESI-MS (positive ion): 779.1492 ([M—OH:]", calcd 779.1498) ml/z.

Anal. Calcd for CesHa0AIF3605P2Rh (1764.80 g-mol™"): C, 43.56; H, 2.28; N, 0.00. Found: C, 43.65; H, 2.44;
N, 0.00.
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Figure $18. '"H NMR spectrum of 2-OH; (CD2Cl, 500 MHz).
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Figure S21. High-resolution ESI mass spectrum of 2-OH; (top: measured, bottom: calcd).

4. Synthesis and reactivity of rhodium CxP2 complexes

4.1. Preparation of [Rh(biph)(CxP2)(OH2)]J[AI(ORF)4] (1-OH.)

A solution of 2-OH; (176.5 mg, 100.0 ymol) and CxP> (100.0 mg, 110.0 ymol) in THF (10 mL) was stirred
at ambient temperature for 4 h. H,O (18 uL, 1 mmol) was added and the reaction stirred for a further 18 h.
The solution was then added into an excess of rapidly stirred hexane, precipitating a yellow material which
was isolated by filtration and washed with hexane. The separated solid was extracted into CH2Cl; (ca. 5
mL) and additional H».O added (ca. 0.1 mL). Slow diffusion of excess hexane (ca. 40 mL) into this solution
afforded orange crystalline material and a red oily residue. The solid material was isolated by filtration,
dried under high vacuum and then, in air, dissolved in wet CH,Cl, and passed through a short plug of Al,O3
(100% CH2Cl2). The solvent was removed in vacuo to afford the product. Yield: 97.0 mg (43.5 umol, 44%;

yellow solid). Single crystals were obtained from crystallisation from CH.Cl./hexane at room temperature.

H NMR (CD:Cl>, 500 MHz): 5 7.6-6.0 (m, 34H, Ar"P+Ph-+biph), 4.48 (d, 2Ju = 12.7, 4H, ArCH,Ar®), 4.23—
4.00 (m, 4H, OCHy), 3.63 (t, *Jun = 7.6, 4H, OCHy), 3.27 (br, 4H, CH2P), 3.09 (br d, 2Jun = 12.7, 4H,
ArCHAr®), 2.16-2.08 (m, 4H, CH>CHs), 1.89 (hex, 3Juu = 7.4, 4H, CH:CHs), 1.03 (t, 3Jun = 7.4, 6H,
CH2CHs), 0.95 (t, s = 7.5, 6H, CH2CHs), 0.84 (s, 2H, OH.).

BC{'H} NMR (CD.Cl, 126 MHz, selected data): 5 157.5 (s, i-Ar'F), 156.1 (s, i-Ar'""), 136.6 (s, o-ArP),
136.4 (br, 0-Ar'?),128.6 (s, p-Ar"), 121.8 (q, "Jrc = 294, CFs). 78.9 (s, OCHy), 7.2 (s, OCHs), 32.0 (vt, Jrc
= 25, CH,P), 31.5 (s, ArCH,Ar"), 23.9 (s, CH2CHs), 23.5 (s, CH2CHs), 10.9 (s, CH2CHs), 10.0 (s, CH2CHs).
B1P{1H} NMR (CD.Clz, 162 MHz): 5 13.2 (d, "Jrne = 120).

31P{'H} NMR (CsHsF, 162 MHz,): & 13.0 (d, "Jrnp = 120).

19E{1H} NMR (CD.Clz, 377 MHz): 5 -75.75 (s).
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FT-IR (ATR): v(O-H) 3528, 3457 cm"’
HR ESI-MS (positive ion): 1261.4545 ([M]", calcd 1261.4531) m/z.

Anal. Calcd for CesHgoAlF360sP2Rh (2229.44 g-mol™): C, 50.64; H, 3.62; N, 0.00. Found: C, 50.53; H, 3.58;
N, 0.00.
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Figure S22. '"H NMR spectrum of 1-OH; (CD2Cl, 500 MHz).
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Figure $23. "*C{'H} APT NMR spectrum of 1-OH; (CD2Cl,, 126 MHz).
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Figure S24. 3'P{'"H} NMR spectrum of 1-OH, (CD.Cl,, 162MHz).
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Figure S25. 3'P{'"H} NMR spectrum of 1-OH, (CeHsF, 162 MHz).
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Figure $26. °F{"H} NMR spectrum of 1-OH; (CD2Cly, 377 MHz).
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Figure S27. ATR-IR spectrum of 1-OH..

S17



Intens. | JEK6_549 RhCxOH2..d: +MS, 0.4-0.6min #26-36
%
%1 | 1261.4545

1262.4572
60

40

1263.4597

i 1264.4613
A 1265.4617

(o 1+ CrsHeo0sP,Rh, 1261.4531

i 1261.4531
100 1+

i 1262.4564

k 1+
40 1263.4598

1+
204 1264.4630
0 T T J' T T T T Y l T T T T Y T T T T 'ﬁ T T T T i T T T T T T
1261 1262 1263 1264 1265 1266 m'z

Figure $28. High-resolution ESI mass spectrum of 1-OH; (top: measured, bottom: calcd.)

4.2. Reaction of 1-OH; with D,O

To a solution of 1-OH; (5.0 mg, 2.24 ymol) in CD»Cl, (0.5 mL) prepared within a J. Young valve NMR tube
was added D,O (4.5 uL, 224 umol). The tube was mounted onto a rotating disc and inverted at ca. 0.5 Hz
at room temperature. After 48 h, the '"H NMR spectrum indicated formation of 1-OD with concomitant
liberation of H,O (6 1.53).
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Figure $29. '"H NMR spectrum recorded after treatment of 1-OH; with D,O (CD.Cl2, 300 MHz).
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4.3. Dehydration of 1-OH; using [ZrCp:Me;] in dichloromethane under dinitrogen

A solution of 1-OH2 (11.1 mg, 5.00 ymol) and [ZrCp2Me;] (6.2 mg, 25.0 ymol; &14 -0.39, 6.12) in CD2Cl>
(0.5 mL) prepared within a J. Young valve NMR under an atmosphere of argon (1 atm; passed over
activated 3 A molecular sieves). The solution was freeze-pump-thaw degassed and placed under an
atmosphere of dinitrogen (1 atm; passed over activated 3 A molecular sieves). The ensuring reaction was
periodically monitored by NMR spectroscopy at 298 K, which indicated smooth conversion of 1-OHzinto a
6:5 mixture of 1-N2 (631p 16.1) and 1-DCM (d31p 4.4) with concomitant formation of [ZrCp2Me]».0O (611 5.99,
0.00) and methane (611 0.23) within 24 h. On one occasion a single crystal of 1-N2 was obtained from slow
diffusion of hexane into the reaction mixture at room temperature. Repeating the reaction under argon in

CH.CI, resulted exclusively in formation of 1-DCM.

Data for 1-Na:

"H NMR (CD-Cl,, 400 MHz, selected data): & 4.49 (d, 2Jun =12.7, 4H, ArCH2Ar"), 4.14—4.06 (m, 4H,
OCHy), 3.65 (t, *Jun = 7.2, 4H, OCHy), 3.15 (vbr, 8H, CHP+ArCHoAr"), 2.17 (hex, 3Jun = 7.4, 4H,
CH2CHj3), 1.91 (hex, 3Jun = 7.3, 4H, CH.CH3), 1.05 (t, 3Jun = 7.4, 6H, CH2CHs), 0.98 (t, 3Jun = 7.5, 6H,
CH2CHs).

¥P{'"H} NMR (CDCl>, 162 MHz,): 6 16.1 (d, "Jrnp = 117).

Data for 1-DCM:

'H NMR (CD:Cl,, 400 MHz, selected data): & 4.51 (d, 2Jun = 12.8, 4H, ArCH,Ar"), 4.26—-4.18 (m, 4H,
OCH,), 3.85 (br, 4H, CHP), 3.71 (t, ®Jun = 7.3, 4H, OCH,), 3.17 (d, 2Jun = 13.0, 4H, ArCH2Ar"), 2.03 (hex,
3Jun = 7.5, 4H, CH2CH3), 1.91 (hex, 3Jun = 7.3, 4H, CH2CHs), 1.05 (t, *Jun = 7.4, 6H, CH2CHs), 0.95 (t, *Jun
= 7.5, 6H, CH.CHs).

¥P{'"H} NMR (CDCl>, 162 MHz,): 6 4.4 (d, "Jrnp = 117).
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Figure $30. '"H NMR spectra collected during the reaction of 1-OH2 with [ZrCpzMez] in CD2Cl, under N
(400 MHz). Sample contains an internal sealed O=P(OMe); reference (614 3.38, 3Jpn = 11 Hz);

resonances associated with [ZrCp:Mey], [ZrCp2Me].O, and MeH in grey; coordinated water in 1-OH: red.
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Figure S31. 3'P{'"H} NMR spectra collected during the reaction of 1-OH; with [ZrCp,Me;] in CD.Cl, under
N2 and independently synthesised 1-DCM under argon (162 MHz). Samples contain an internal sealed

O=P(OMe); reference (631p 3.7).

4.4. Dehydration of 1-OH; using [ZrCp:Me;] in fluorobenzene under dinitrogen

A solution of 1-OHz (11.1 mg, 5.00 umol) and [ZrCp2Me;] (6.2 mg, 25.0 pymol; 14 -0.22, 5.87) in CsHsF
(0.5 mL) prepared within a J. Young valve NMR tube under dinitrogen (1 atm; passed over activated 3 A
molecular sieves). The ensuring reaction was periodically monitored by NMR spectroscopy at 298 K, which
indicated smooth conversion of 1-OHzinto 1-N2 (&31p 16.0) with concomitant formation of [ZrCp2Me]20 (61
5.86, 0.17) and methane (611 0.14) within 13 h. Complete decomposition to an intractable precipitate via
a transient intermediate assumed to be ‘naked’ 1 (631p 17.1, "Jrne = 122 Hz) was observed on a similar
timescale when the reaction was repeated under an atmosphere of argon (1 atm, passed over activated 3

A molecular sieves).

Data for 1-Na:

'"H NMR (CD-Cl,, 600 MHz, selected data): & 4.45 (br, 4H, ArCH.Ar"), 4.03 (br, 4H, OCH,), 3.52 (br, 4H,
OCH,), 3.08 (vbr, 8H, CH2P ArCH,Ar"), 2.14 (br, 4H, CH,CH3), 1.79 (br, 4H, CH,CHs), 0.90 (br, 12H,
CH>CH3+CH,CHs).

¥P{'"H} NMR (CsHsF, 243 MHz,): 6 16.0 (d, "Jrnp = 117).
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Figure $32. "H NMR spectra collected during the reaction of 1-OHz with [ZrCp2Mez] in CeHsF under N,
(600 MHz). Sample contains an internal sealed O=P(OMe); reference (614 3.38, 3Jpn = 11 Hz);
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obscured by a methyl resonance).

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Figure S$33. 3'"P{'"H} NMR spectra collected during the reaction of 1-OH, with [ZrCp,Me;] in CsHsF under
N2 (243 MHz). Sample contains an internal sealed O=P(OMe)s reference (031p 3.7).

4.5. Analysis of 1-N2 by '°N NMR spectroscopy
A 10 mM solution of 1-">N, was prepared in fluorobenzene (0.5 mL) within a J. Young valve NMR tube

under "N (1 atm). Only free dinitrogen was observed by N NMR spectroscopy.'?
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Figure S34. >N NMR spectra of sample of 1-"®*N2 in CsHsF under "Nz (41 MHz, external CH3NO- ref.)
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4.6. Analysis of 1-N; by IR spectroscopy

A solution of 1-OH; (11.1 mg, 5.0 ymol) and [ZrCp:Me;] (3.1 mg, 12.5 ymol) in CsHsF (0.5 mL) was
prepared within a J. Young valve NMR tube under dinitrogen (1 atm; passed over activated 3 A molecular
sieves) as described above, monitoring by NMR spectroscopy until full conversion of 1-OH; into 1-N, was
observed. In a dinitrogen glovebox (<0.1 ppm H>O and O,), an aliquot of the sample was transferred into
a pre-dried KBr transmission cell, sealed with two Teflon stopcocks, and then transported to an external
IR spectrometer within a sealed ziplock plastic bag under dinitrogen. The cell was removed from the bag
and the sample immediately analysed by IR spectroscopy, background correcting for CsHsF solvent. A
very low intensity v(N2) band was observed at 2290 cm™ and this assignment was supported by (a)
exposure of the sample to air, which resulted in complete conversion of 1-N2 into 1-OH; within 5 seconds,
(b) analysis by ATR-IR spectroscopy, where the sample was added directly onto the reflectance crystal of
a spectrometer housed within the dinitrogen filled glovebox using rigorously dried glassware and allowed

to evaporate; and (c) computational analysis.
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Figure S35. IR spectrum of 1-N2 in CsHsF solution
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Figure $36. ATR-IR spectrum of 1-N;
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Figure S37. Calculated IR spectrum of 1-N2 at the B3LYP-D3(BJ)/TZ2P-ZORA//B3LYP-D3(BJ)/def2-
SVP level of theory. Data has been rescaled to match the experimental value for free N2 (2330 cm™) at

this level of theory, leading to a scaling factor of 0.936.
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5. Crystallography

Data were collected on a Rigaku Oxford Diffraction SuperNova AtlasS2 CCD diffractometer using graphite
monochromated Mo Ka (A = 0.71073 A) or CuKa (A = 1.54184 A) radiation and an Oxford Cryosystems N-
HeliX low temperature device [150(2) K]. Data were collected and reduced using CrysAlisPro and refined
using SHELXT," through the Olex2 interface.™

Both complexes are isomorphous and crystallise with 1.5 equivalents of hexane in the low symmetry P-1
space group. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in
calculated positions and refined using the riding model. Disorder of two of the cation OCH>CH2CHjs
substituents was treated by modelling the propyl chains over two sites and restraining their geometry.
Disorder of three of the anion OC(CF3); substituents was treated by modelling the CF3 groups over two
sites and restraining their geometry. Disorder of both hexane solvent molecules was treated by modelling
them over two sites and restraining their geometry. Restraints to thermal parameters were applied where

necessary in order to maintain sensible values.

Full details about the collection, solution, and refinement are documented in CIF format, which have been
deposited with the Cambridge Crystallographic Data Centre under CCDC 2225292 (1-OH) and 2225293
(1-N2).

6. Computational details

The geometry optimizations followed by the harmonic frequency calculations were carried out at the
B3LYP-D3(BJ)/def2-SVP or PBE-D3(BJ)/def2-SVP level of theory using the Gaussian 16 suit of
programs.'>'® Effective core potentials were used for the 28 core electrons of Rh. Superfine integration
grid is considered for all cases. Cartesian coordinates at the latter level of theory are provided in XYZ

format.

The energy decomposition analysis (EDA)' in combination with the natural orbital for chemical valence
(NOCV)'® method was performed at the PBE-D3(BJ)-ZORA/TZ2P//PBE-D3(BJ)/def2-SVP level using the
ADF (2018.105) program package.'®?° The zeroth-order regular approximation (ZORA)?' was used to
include scalar relativistic effects. All electrons were considered in the computations. In the EDA method,
the interaction energy (A En:) between two prepared fragments is divided into three energy terms, viz., the
electrostatic interaction energy (AEuswat), Which represents the quasiclassical electrostatic interaction
between the unperturbed charge distributions of the prepared fragments, the Pauli repulsion (A Epaui), which
is the energy change associated with the transformation from the superposition of the unperturbed electron
densities of the isolated fragments to the wavefunction that properly obeys the Pauli principle through
explicit antisymmetrization and renormalization of the product wavefunction, and the orbital interaction
energy (AZEub), which is originated from the mixing of orbitals, charge transfer and polarization between

the isolated fragments. Use of DFT-D3 with the Becke-Johnson type damping function (BJ) gives
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additional dispersion interaction energy (AZ..(disp)) between two interacting fragments. Therefore, the

total interaction energy (A ) between two fragments can be defined as:

AFEn = AEn(disp) + AEin(elec) €]
AE{m(ElQC) = AEeistac + AEpauti + AEors (2)

The EDA-NOCV combination allows the partition of AL, into pairwise contributions of the orbital
interactions, which gives important information about bonding. The deformation density Api«(r) which
originates from the mixing of the NOCVs yx(r) and y.(r), resulting from diagonalizing the deformation
density matrix, gives the charge flow due to orbital interactions (equation 3), and the corresponding A Ejerb
reflects the amount of orbital interaction energy coming from such interaction which sums to the total orbital

energy (equation 4).

Dpory (1) = Ty Bpr (1) = T2 v [— 2, (1) + v2(1)] 3)
AEgry, = Y AEZ™? = SN2 v [-FT5 + FT9) (4)

For further information about this method and its application, readers are referred to the related reviews.?

ABornz) = -14.4; | v2| = 0.12
o(N.-»>M) o(N2—»>M)

AByn3) = -41.4; | vs| = 0.29 ABornay = -42.0; | val = 0.37
T[(M—)Nz) T[(M—)Nz)

Figure S38. Deformation densities in 1-N2. AE,, values are given in kJ-mol™. Charge flow is from red to

blue and v represents the charge eigenvalues and the iso-surface value is 0.0001 au.
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Table S1. EDA-NOCYV of substrate binding in 1-L and 2-L (L = H,O, DCM, N,).?!
Energy 1-OH: 2-OH; 1-DCM 2-DCM 1-N2 2-N;
AEin -125.0 -994 -84.6 -87.7 -93.2 -84.2
AEn(disp)®  -32.4 (25.9%) -22.8 (22.9%) -58.8 (69.5%) -50.1 (57.1%) -41.1 (44.1%)  -24.6 (29.2%)
ABn(ele)® 926 (74.1%) -766 (77.1%) -25.8 (30.5%) -37.6 (42.9%) -52.1 (55.9%)  -59.6 (70.8%)

ABpaui 267.6 225.2 250.0 203.0 359.0 368.0
AEesead 2204 (61.2%) -190.9 (63.2%) -159.4 (57.8%) -141.8 (58.9%) -224.2 (54.5%) -231.2 (54.1%)
AE, -139.8 (38.8%) -111.0 (36.8%) -116.5 (42.2%) -98.9 (41.1%) -186.9 (45.5%) -196.4 (45.9%)
AE sy -78.9 (56.4%) -69.2 (62.3%) -48.5 (41.6%) -47.8 (48.3%) -91.4 (48.9%) -139.8¢ (71.2%)
ABys M -19.8 (17.0%) -20.3 (20.5%) -83.4 (44.6%) -48.1 (24.5%)
ABou.%1  -35.9 (25.7%) -23.2 (20.9%)
ABngesy®  -25.0 (17.9%) -18.6 (16.8%) -48.2 (41.4%) -30.8 (31.1%) -121 (6.5%) -85 (4.3%)
AEBprep 6.1 9.8 50.7 16.4 11.3 15.6
EBiona (-De) -118.9 -89.6 -33.9 -71.3 -81.9 -68.6

& PBE-D3(BJ)/TZ2P-ZORA on structures at the PBE-D3(BJ)/def2-SVP level. Energy values in kJ-mol”. ! The values in parentheses are the percentage
contributions to the total interaction energy. ! The values in parentheses are the percentage contributions to the total attractive interactions (AEeistat + AEorb).
[ The values in parentheses are the percentage contributions to the total orbital term, AE.r resulting from analysis of the NOCV results. ! L>M and ML

interactions cannot clearly be distinguished (see Figure S39). 1 Interactions unique to 1-OH2 and 2-OH..
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1-H20

ABovy = -67.3; | v1l = 0.36 ABoby = -11.6; | v2| = 0.17 ABorb@ =-20.3; | vs| =0.19 AEy = -15.6; | val =0.16
o(L->M) n(L->M) cage(Ph—L) cage(Ph—L) + t(M-L)
2-H20

ABorby = -62.1; | v1] = 0.35 ABoy = -13.4; | v2] = 0.16 AEw@n=-9.9; | vs| =0.14 AFonwy=-7.1; lval = 0.12
o(L->M) cage(Ph—L) cage(Ph—L) m(L->M)
1-DCM

ABorby = -48.5; | v1] = 0.34 ABob@y = -19.8; | v2| =0.23 AFornzy =-9.0; | vi| =0.14 AFonwy=-8.1; [val =0.11
o(L->M) oc(M-L) unassigned (rest) unassigned (rest)

2-DCM

ABorvy = -47.8; | v1] = 0.33 ABoy=-13.1; | v2] =0.20 ABwa=-7.3; | vsl =0.11 AFinwy = -6.6; | val =0.10
o(L->M) oc(M-L) w(M-L) unassigned (rest)
2-N2

ABovy = -62.7; | v1l = 0.36 ABob@y = -60.1; | v2| = 0.40 ABorb3) = -48.1; | vs| = 0.40 ABwwy=-16.9; | val =0.13
o(L->M) + n(M->L) w(M-L) + c(L>M) w(M-L) c(L->M)

Figure $39. Deformation densities in 1-L (L = OH,, DCM) and 2-L (L = OH,, DCM, Ny). A £ values are

given in kJ-mol™. Charge flow is from red to blue and v represents the charge eigenvalues and the iso-

surface value is 0.0005 au.
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