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I)  Experimental part 

 
I.1) Materials and apparatus 

 

 All chemicals were purchased from Fisher Scientific and Aldrich Chemicals in their highest 

purity. All solvents were used as supplied without further purification. Distilled water was used in all 

experiments. NMR spectra were recorded on a Bruker DRX300 spectrometer (300 MHz for 1H nuclei), 

or on a Bruker DRX500 spectrometer (500 MHz for 1H nuclei), or on a Bruker IPSO600 spectrometer 

(600 MHz for 1H nuclei). DMSO-D6 (99.80% isotopic purity) and D2O (99.92% isotopic purity) were 

purchased from Euriso–Top. The correct assignments of the chemical shifts were confirmed by two–

dimensional correlation measurements attained by 1H–1H COSY, 1H–13C HSQC and  1H–13C HMBC 

experiments. Mass spectra were recorded on a MALDI–TOF/TOF Bruker Daltonics Ultraflex II in 

positive reflectron mode with 2,5–DHB as matrix. 

 

I.2) N,N’-bis[(6A-deoxy-ββββ-cyclodextrin)yl]biphenyl-4,4’-dicarboxamide (CD-dim) synthesis 

 
 
I.2.1) First step : Synthesis of Disuccinimidyl biphenyl-4,4’-dicarboxylate : 

 

 

 
Biphenyl-4,4’-dicarboxylic acid                Disuccinimidyl biphenyl-4,4’-dicarboxylate 

Scheme S1: Disuccinimidyl biphenyl-4,4’-dicarboxylate synthesis 

 

 
To a solution of biphenyl-4,4’-dicarboxylic acid (1 g, 4.13 mmol) in anhydrous N,N-

dimethylformamide (20 mL) were added at room temperature and under N2, N-hydroxysuccinimide (NHS, 

2.09 g, 18.16 mmol), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, 2.37 g, 12.38 

mmol) and 4-(dimethylamino)pyridine (DMAP, 0.10 g, 0.83 mmol). The reaction mixture was stirred at 

room temperature under N2 overnight. After reaction, the solvent was removed under reduced pressure. The 

residue was then dissolved in dichloromethane (200 mL) and this solution was washed with water (200 mL), 

dried with anhydrous K2SO4 and evaporated to dryness under vacuum. The residue was dissolved in 10 mL 

of anhydrous N,N-dimethylformamide and recrystallized at 0ºC to give disuccinimidyl biphenyl-4,4’-

dicarboxylate as a white product (1.44 g, yield = 82%).  

HO OH

O O

O O

O O

NN

O O

OO1) NHS (4.4 eq.), EDC (3 eq.), DMAP

anhydrous DMF, 16h, RT
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I.2.2) Second step : Coupling of disuccinimidyl biphenyl-4,4’-dicarboxylate with  
6A-deoxy-6A-amino-ββββ-cyclodextrin 

 
 

 
 

Scheme S2: CD-Dim synthesis from 6A-deoxy-6A-amino-β-cyclodextrin 

 
 

Disuccinimidyl biphenyl-4,4’-dicarboxylate (500mg, 1.15 mmol) and 6A-deoxy-6A-amino-β-

cyclodextrin  (2.2 eq) were dissolved in 20 mL of anhydrous N,N-dimethylformamide under N2 and stirred 

at room temperature. After a day, the reaction mixture was poured into acetone (1 L) to precipitate the CD 

compounds. The precipitate was collected and washed with acetone and then dried under vacuum. The crude 

product was dialyzed for 24 h on a 100-500 MW dialysis membrane. Purification by reversed-phase 

chromatography (eluted with water/methanol 90/10 to 10/90, flow: 20 mL.min-1) afforded a white powder 

(1.58 g, yield = 55%). 
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I.3) [Rh(COD)(Phosphane)2
+, BF4

-] complexes syntheses 

 

 

The [Rh(COD)(Phosphane)2
+, BF4

-] complexes were obtained quantitatively by stirring at room 

temperature [Rh(COD)2
+, BF4

-] with 2 equivalents of phosphane in water for 10 min. The formed 1,5-

dicyclooctadiene was then removed by degasing the obtained solution. 

 

 

 

Scheme S3: [Rh(COD)(1)2
+, BF4

-] synthesis from [Rh(COD)2
+, BF4

-] 

 

 

 

 

Scheme S4: [Rh(COD)(TPPTS)2
+, BF4

-] synthesis from [Rh(COD)2
+, BF4

-] 

 

 

I.4) Determination of stoichiometry and association constant of the inclusion complexes 

 

Stoichiometries and association constants of the “phosphane / CD derivative” combinations were 

determined by isothermal titration calorimetry. Stoichiometries were also checked by NMR (Job plot). 

Stoichiometries of the “phosphane / Rhodium species” combinations were determined under nitrogen by 

NMR.  

 

+ 2

Phosphane1 [Rh(COD)(1)2
+, BF4

-][Rh(COD)2
+, BF4

-]

- 1,5-COD

water, 20°C

+ 2

TPPTS [Rh(COD)(TPPTS)2+, BF4
-][Rh(COD)2

+, BF4
-]

- 1,5-COD

water, 20°C
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An isothermal calorimeter (ITC200, MicroCal Inc., USA) was employed for determining the 

formation constant of the “phosphane / CD derivative” complexes. The titration protocol was used at 298 K 

with a 204.5 µL cell and a 40 µL syringe. Degassed aqueous solutions (phosphate buffer, pH=6.5) were 

employed for all experiments. In the case of TPPTS complexes, a 0.5mM cyclodextrin solution (β-CD or 

CD-dim) was titrated by a 5mM TPPTS solution. In the case of phosphane 1 complexes, a 0.05mM 

phosphane 1 solution was titrated by a 0.5mM cyclodextrin solution (β-CD or CD-dim). After the addition 

of an initial aliquot of 0.4 µL, 10 aliquots of 3.7 µL of the syringe solution were delivered (over 7.4 s for 

each injection). The corresponding heat flow was recorded as a function of time. The time interval between 

two consecutive injections was 150 s and agitation speed was 1000 rpm for all experiments. In addition, the 

heat consecutive to dilution was eliminated by performing blank titrations. The areas under the peak 

following each injection (obtained by integration of the raw signal) were then expressed as the heat effect 

per mole of added phosphane or cyclodextrin. Each titration experiment was performed three times to assess 

reproducibility of the results. Binding constants and inclusion enthalpies were finally determined by 

nonlinear regression analysis of the binding isotherms using a built-in binding model (one set of sites) within 

MicroCal Origin 7.0 software package (MicroCal, Northampton, MA). The n number of available sites per 

cyclodextrin molecule was taken into account during the regression analysis. 

 

 

 

I.5) Hydroformylation tests 

 

All hydroformylation reactions were performed under nitrogen using standard Schlenk techniques. In a 

typical experiment, Rh(acac)(CO)2 (5.5 mg; 21 µmol), phosphane (105 µmol; 5 eq.) and CD derivative (210 

µmol of CD cavity; 10 eq.) were dissolved in 6 mL of water. The resulting aqueous phase and the olefin 

(10.5 mmol; 500 eq.) were charged under nitrogen into a 25 mL reactor heated at the desired temperature. 

The mixture was mechanically stirred using a multipaddle unit (1500 rpm) and the autoclave was 

pressurized under 50 atm CO/H2 (1:1). Once the reaction was complete, the organic phase was analyzed by 

1H-NMR and by gas chromatography on a Shimadzu GC-17A gas chromatograph equipped with a 

polydimethylsiloxane  capillary column (30 m x 0.32 mm) and a flame ionization detector (GC:FID). 
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II)  Compounds NMR characteristics 
 

II.1) Disuccinimidyl biphenyl-4,4’-dicarboxylate 
 
1
H NMR (300 MHz, DMSO-D6): δ(ppm) = 2.92 (s, 

8H, H-7), 8.08 (d, 3JH,H= 8.5 Hz, 4H, H-2), 8.24 (d, 
3JH,H = 8.5 Hz, 4H, H-3). 13C{1H} NMR  (75.5 MHz, 
DMSO-D6): δ(ppm)  = 25.59 (s, C-7), 124.45 (s, C-
1), 128.32 (s, C-2), 130.84 (s, C-3), 144.81 (s, C-4), 
161.54 (s, C-5), 170.34 (s, C-6). 
 

 

 

 

 

II.2) N,N’-bis[(6A-deoxy-ββββ-cyclodextrin)yl] biphenyl-4,4’-dicarboxamide (CD-dim) 
 
1
H NMR (600 MHz, D2O): δ(ppm) = 3.10-4.18 (m, 

84H, H-2, H-2’, H-3, H-3’, H-4, H-4’, H-5, H-5’, H-
6, H-6’), 4.85-5.13 (m, 14H, H-1, H-1’), 7.70 (d, 
3JH,H = 8.2 Hz, 4H, H-b), 7.78 (d, 3JH,H = 8.2 Hz, 4H, 
H-c). 13C{1H} NMR  (150 MHz, D2O): δ(ppm)  = 
41.09 (s, C-6’), 59.20-60.50 (m, C-6), 70.25-73.25 
(m, C-2, C-2’, C-3, C-3’, C-5, C-5’), 80.20-83.80 (m, 
C-4, C-4’), 101.20-102.25 (m, C-1, C-1’), 127.20 (s, 
C-b), 127.73 (s, C-c), 132.48 (s, C-a), 142.81 (s, C-
d), 169.27 (s, C-e). 

 

 

 

 
CD-dim 

 

 

II.3) [Rh(COD)( 1)2
+, BF4

-] complexe 
 
1H NMR (300 MHz, D2O): δ(ppm) = 2.31 (broad d, 
2JH,H = 8 Hz, 4H,  H-16),   2.61 (broad d, 2JH,H = 8 
Hz, 4H, H-16’), 4.75 (broad s, 4H, H-15), 7.23 
(broad t, 3JH,H = 3JH,P = 7.6 Hz, 4H, H-8), 7.39 (d, 
3JH,H = 7.6 Hz, 4H, H-9), 7.51 (t, 3JH,H = 7.7 Hz, 4H, 
H-5), 7.65 (m, 8H, H-6 and H-12), 7.82 (d, 3JH,H = 
7.9 Hz, 4H, H-13), 7.92 (d, 3JH,H = 7.7 Hz, 4H, H-4), 
8.41 (broad s, 4H, H-2). 13C{1H} NMR (75.5 MHz, 
D2O): δ(ppm) = 33.04 (s, C-16), 104.20 (s, C-15), 
129.00 (s, C-13), 130.00 (s, C-9), 130.52 (s, C-12), 
131.41 (s, C-4), 132.66 (s, C-5), 134.93 (s, C-2), 
136.78 (s, C-8), 139.81 (s, C-6), 144-148 (C-1, C-3, 
C-7, C-10, C-11, C-14).31P{1H} NMR (121.5 MHz, 
D2O): δ(ppm) = 24.98 (d, 1JP,Rh = 147.7 Hz). 
 

 

 

 
[Rh(COD)(1)2

+, BF4
-] 

II.4) [Rh(COD)(TPPTS)2
+, BF4

-] complexe 

1H NMR (300 MHz, D2O): δ(ppm) = 2.28 (broad s, 
4H,  H-8),   2.58 (broad s, 4H, H-8’), 4.69 (broad s, 
4H, H-7), 7.41 (broad s, 12H,  H-5 and H-6), 7.86 
(broad m, 6H,  H-4), 8.04 (broad s, 6H,  H-2). 

13C{1H} NMR  (75.5 MHz, D2O): δ(ppm)  = 32.96 (s, 
C-8), 105.04 (s, C-7), 131.54 (s, C-4), 132.78 (s, C-
5), 133.64 (s, C-2), 139.49 (s, C-6), 146.20 (s, C-1 / 
C-3). 31P{1H} NMR (121.5 MHz, D2O): δ(ppm) = 
26.56 (d, 1JP,Rh = 148.4 Hz). 

 

 
[Rh(COD)(TPPTS)2

+, BF4
-] 
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III)  Compounds NMR spectra 
 

III.1) Disuccinimidyl biphenyl-4,4’-dicarboxylate  
 
 

 
 

Figure S1: 1H NMR spectrum of Disuccinimidyl biphenyl-4,4’-dicarboxylate (300 MHz, DMSO-D6). 

 
 

Figure S2: JMOD-13C NMR spectrum of Disuccinimidyl biphenyl-4,4’-dicarboxylate 
(75.5 MHz, DMSO-D6). 
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Figure S3: HMBC NMR spectrum of Disuccinimidyl biphenyl-4,4’-dicarboxylate (DMSO-D6). 
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III.2)  N,N’-bis[(6A-deoxy-ββββ-cyclodextrin)yl]biphenyl-4,4’-dicarboxamide (CD-dim) 

 
CD-dim 

 
Figure S4: 1H NMR spectrum of N,N’-bis[(6A-deoxy-β-cyclodextrin)yl] biphenyl-4,4’-dicarboxamide 

(CD-dim) (600 MHz, D2O). 
 

 
Figure S5: JMOD-13C NMR spectrum of N,N’-bis[(6A-deoxy-β-cyclodextrin)yl] biphenyl-4,4’-

dicarboxamide (CD-dim) (150 MHz, D2O). 

1
23

4
5

6

a

bc

d

23
4

5

6

1
2’3’

4’
5’

6’

1’
2’3’

4’
5’

6’

1’

e

3.03.54.04.55.05.56.06.57.07.58.0 ppm

Hc Hb

H1, H1’

H2-6, H2’-6’

405060708090100110120130140150160170 ppm

Ce
Cd Ca

Cc Cb

C1, C1’

C4, C4’

C2, C3, C5,

C2’, C3’, C5’

C6

C6’

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



-S11- 

 

 

 
CD-dim 

 

 
 

Figure S6: COSY NMR spectrum of N,N’-bis[(6A-deoxy-β-cyclodextrin)yl] biphenyl-4,4’-dicarboxamide 
(CD-dim) (600 MHz, D2O). 
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CD-dim 

 
 

 

Figure S7: T-ROESY NMR spectrum of N,N’-bis[(6A-deoxy-β-cyclodextrin)yl] biphenyl-4,4’-
dicarboxamide (CD-dim) (600 MHz, D2O). 
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CD-dim 

 

 

 

Figure S8: HSQC NMR spectrum of N,N’-bis[(6A-deoxy-β-cyclodextrin)yl] biphenyl-4,4’-dicarboxamide 
(CD-dim) (D2O). 
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CD-dim 

 

 

Figure S9: HMBC NMR spectrum of N,N’-bis[(6A-deoxy-β-cyclodextrin)yl] biphenyl-4,4’-dicarboxamide 
(CD-dim) (D2O). 
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CD-dim (C98H148O70N2) 

 

 

 
Figure S10: MS MALDI-TOF spectrum of N,N’-bis[(6A-deoxy-β-cyclodextrin)yl] biphenyl-4,4’-

dicarboxamide (CD-dim): m/z = 2495.796 [CD-dim + Na]+ (calculated 2495.798), 
2511.765 [CD-dim + K]+ (calculated 2511.772). 

 
  

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



-S16- 

 

 
III.3) [Rh(COD)( 1)2

+, BF4
-] complex 

 
 

 
 

Figure S11: 31P{1H} NMR spectrum of [Rh(COD)(1)2
+, BF4

-] (121.5 MHz, D2O). 
 
 

 

 
 

 

Figure S12: 1H NMR spectrum of [Rh(COD)(1)2
+, BF4

-] (300 MHz, D2O). 
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[Rh(COD)(1)2
+, BF4

-] 

 

 

 

Figure S13: COSY NMR spectrum of [Rh(COD)(1)2
+, BF4

-] (300 MHz, D2O). 
. 
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Figure S14: Zoom of COSY NMR spectrum of [Rh(COD)(1)2
+, BF4

-] (300 MHz, D2O). 
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Figure S15: HSQC NMR spectrum of [Rh(COD)(1)2
+, BF4

-] (D2O). 
 
  

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



-S20- 

 

 

Rh

P

P

BF4SO3Na

SO3Na

2

2

NaO3S

NaO3S

1 2

3

45

6

7

8
9

10
11

13
14 12

15 16

 

[Rh(COD)(1)2
+, BF4

-] 

 

 
Figure S16: Zoom of HSQC NMR spectrum of [Rh(COD)(1)2

+, BF4
-] (D2O). 
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Figure S17: HMBC NMR spectrum of [Rh(COD)(1)2
+, BF4

-] (D2O). 
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III.4) [Rh(COD)(TPPTS) 2
+, BF4

-] complex 
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Figure S18: 31P{1H} NMR spectrum of [Rh(COD)(TPPTS)2
+, BF4

-] (121.5 MHz, D2O). 
 
 

 
 

 
 

 
Figure S19: 1H NMR spectrum of [Rh(COD)( TPPTS)2

+, BF4
-] (300 MHz, D2O). 
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Figure S20:  COSY NMR spectrum of [Rh(COD)(TPPTS)2

+, BF4
-] (300 MHz, D2O). 
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Figure S21:  HSQC NMR spectrum of [Rh(COD)(TPPTS)2
+, BF4

-] (D2O). 
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IV)  1D NMR studies of the interactions between the different compounds 
 
IV.1) Evidences of interaction between Phosphane 1 and ββββ-CD 

 
Phosphane 1 

 
ββββ-CD 

 

Figure S22: 1H NMR spectra of Phosphane 1 and ββββ-CD mixtures (500 MHz, D2O, 20°C) 
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IV.2) Evidences of interaction between Phosphane 1 and CD-dim 
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                                  CD-dim 

 
 
Figure S23: 1H NMR spectra of Phosphane 1 and CD-dim mixtures (600 MHz, D2O, 20°C) 
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IV.3) Evidences of interaction between [Rh(COD)(1)2
+, BF4

-] complex and ββββ-CD 
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-] 
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Figure S24: 1H NMR spectra of [Rh(COD)(1)2
+, BF4

-] and ββββ-CD mixtures (300 MHz, D2O, 20°C) 
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Figure S25: 31P{1H} NMR spectra of [Rh(COD)(1)2

+, BF4
-] and ββββ-CD mixtures (121.5 MHz, D2O, 20°C) 
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IV.4) Evidences of interaction between [Rh(COD)(1)2
+, BF4

-] complex and CD-dim 
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CD-dim 

 
 

Figure S26: 1H NMR spectra of [Rh(COD)(1)2
+, BF4

-] and CD-dim mixtures (300 MHz, D2O, 20°C) 
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Figure S27: 31P{1H} NMR spectra of [Rh(COD)(1)2
+, BF4

-] and CD-dim mixtures  

(121.5 MHz, D2O, 20°C) 
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IV.5) Evidences of non-interaction between [Rh(COD)( TPPTS)2
+, BF4

-] complex and ββββ-CD/CD-dim 
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Figure S28: 31P{1H} NMR spectra of [Rh(COD)(TPPTS)2
+, BF4

-] and ββββ-CD or CD-dim mixtures 
(121.5 MHz, D2O, 20°C) 

O

HO OH

O

7

OH

1
23

4
5

6

1
23

4
5

6

a

bc

d

23
4

5

6

1
2’3’

4’
5’

6’

1’
2’3’

4’
5’

6’

1’

e

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



-S32- 

 

        

[Rh(COD)(TPPTS)2
+, BF4

-]         ββββ-CD                                                   CD-dim 

 

Figure S29: 1H NMR spectra of [Rh(COD)(TPPTS)2
+, BF4

-] and ββββ-CD or CD-dim mixtures  
(300 MHz, D2O, 20°C) 
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[Rh(COD)(TPPTS)2
+, BF4

-]         ββββ-CD                                                  CD-dim 

 

Figure S30: Zooms of 1H NMR spectra of [Rh(COD)(TPPTS)2
+, BF4

-] and ββββ-CD or CD-dim mixtures  
(300 MHz, D2O, 20°C) 
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V) Inclusion complexes stoichiometry and association constants 
 
 
 

Table S1: “CD derivative:Phosphane” stoichiometries of the inclusion complexes and association constants 
 

 Phosphane 1 TPPTS [Rh(COD)(1)2
+, BF4

-] [Rh(COD)(TPPTS)2
+, BF4

-] 

ββββ-CD 1:1 (9 900 M-1) 1:1 (1 200 M-1)[a] 2:1[b] no interaction 

CD-dim 1:2 (14 100 M-1)[c] 1:1 (1 740 M-1) 1:1 no interaction 
 

[a] Ferreira M., Bricout H., Sayede A., Ponchel A., Fourmentin S., Tilloy S., Monflier E., Adv. Synth. Catal. 2008, 350, 609 – 618. 
[b] Two β-CD are associated with one [Rh(COD)(1)2

+, BF4
-]. [c] One CD-dim is associated with two Phosphanes 1; K11 = K12 = 14 100 M-1. 

 

 
 

V.1) Interaction between phosphane 1 and ββββ-CD 
 

 
 
 
Figure S31: 1H NMR Job’s plot for the combination ββββ-CD : Phosphane 1 
(β-CD protons; [β-CD] + [Phosphane 1] = 10mM in D2O, 20°C). 
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Figure S32: 1H NMR Job’s plot for the combination ββββ-CD : Phosphane 1 
(Phosphane protons; [β-CD] + [Phosphane 1] = 10 mM in D2O, 20°C). 
 
 

  

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

∆δ.[Phosphane1] (ppm . mM)

[Phosphane1]
[ββββ-CD]+[Phosphane1]0.5

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



-S36- 

 

 
 
 
V.2) Interaction between phosphane 1 and CD-dim 
 

 
 

Figure S33: 1H NMR Job’s plot for the combination CD-dim : Phosphane 1 
(CD-dim protons: H1, H2 and H3, (1) and (7) correspond respectively to the more and to the less deblinded 

proton in the initial spectrum of CD-Dim); [CD-dim] + [Phosphane 1] = 1 mM in D2O, 20°C). 
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V.3) Interaction between [Rh(COD)(1)2

+, BF4
-] complex and ββββ-CD 

 

 
 

Figure S34: 1H NMR Job’s plot for the combination ββββ-CD : [Rh(COD)(1)2
+, BF4

-] 
 (Phosphane protons; [β-CD] + [Rh] = 3 mM in D2O, 20°C). 
 
 
V.4) Interaction between [Rh(COD)(1)2

+, BF4
-] complex and CD-dim 

 

 
Figure S35: 1H NMR Job’s plot for the combination CD-dim : [Rh(COD)(1)2

+, BF4
-] 

(Phosphane protons; [CD-dim] + [Rh] = 3 mM in D2O, 20°C). 
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VI)  T-ROESY studies of the inclusion complexes 

 
VI.1) T-ROESY of a Phosphane 1 and ββββ-CD mixture 

 

 
Phosphane 1 

 

 
ββββ-CD 

 

 
Figure S36: T-ROESY spectrum (500 MHz) of a Phosphane 1 and ββββ-CD mixture 

(3 mM / 7mM) in D2O at 20°C. 
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VI.2) T-ROESY of a Phosphane 1 and CD-dim mixture 
 

 

 
Phosphane 1  

                                  CD-dim 
 

 

Figure S37: T-ROESY spectrum (600 MHz) of a Phosphane 1 and CD-dim mixture 
(5 mM / 5mM) in D2O at 20°C. 
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VI.3) T-ROESY of a [Rh(COD)(1)2

+, BF4
-] complex and ββββ-CD mixture 
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Figure S38: T-ROESY spectrum (300 MHz) of a [Rh(COD)(1)2

+, BF4
-] and ββββ-CD mixture 

(3 mM / 6mM) in D2O at 20°C. 
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VI.4) TROESY of a [Rh(COD)(1)2
+, BF4

-] complex and CD-dim mixture 
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                                  CD-dim 

 

 
 

Figure S39: T-ROESY spectrum (600 MHz) of a [Rh(COD)(1)2
+, BF4

-] and CD-dim 
mixture (1.5 mM each) in D2O at 20°C. 

Rh

P

P

BF4SO3Na

SO3Na

2

2

NaO3S

NaO3S P12

P9

P2

P4P5

P6

P15
P16

P8

P13

1
23

4
5

6

a

bc

d

23
4

5

6

1
2’3’

4’
5’

6’

1’
2’3’

4’
5’

6’

1’

e

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



-S42- 

 

VII)  Molecular dynamics simulations 
 
 
 

���� Models : Initial geometry for the Rh(COD)(1)2
+ species was adapted from several structures taken in the 

Cambridge Structural Database (CSD)[1] under the CULGOF[2] and ALUZAI[3] references. Geometry 

optimization was performed with the Gaussian09 program[4] at the B3LYP level of theory using the 6-

31+G* basis set for all atoms but Rhodium, which was described by the Stuttgart pseudopotential and 

associated   basis set.[5] In order to stay “bound”, a connected approach has been used to build the 

Rh(COD)(1)2
+ species, where explicit covalent bonds have been set between the rhodium and its 

coordinating atoms. This step, requiring additional parameterization, was achieved using the FUERZA 

procedure[6] and following a previous strategy used for ICL670 and iron.[7]    

Initial geometries of CD-dim were built using the LEaP program from the AmberTools 1.4 

distribution, following the strategy and methodology previously established.[8] Except for the linker, the CD 

fragments  were taken from the R.E.DD.B. database[9] under project F-85 (http://q4md-

forcefieldtools.org/REDDB/). Both the linker fragment and the Rh(COD)(1)2
+ were defined and 

parameterized according to the strategy developed previously using the RED program[10] along with RED 

server.[11] Computational conditions, charge values as well as force-field libraries required to build the 

complexes in this study were submitted to the R.E.DD.B. database and are freely available for download 

under the F-94  R.E.DD.B. project code. 

 

���� Molecular Dynamics Simulations :  The SANDER module of the AMBER10 program suite was used to 

perform MD simulations on the aforementioned complexes.[12] The systems were solvated in a truncated 

octahedral box with a buffer distance of 10.0 Å along with sodium counter-ions to neutralize the systems net 

charge. The q4md-CD force field parameters were used to model the β-CD systems.[8]  The parameters used 

for water were taken from the TIP3P model.[13] After minimization, the systems were brought to target 

temperature by ramping up the temperature over periods of 25 ps followed by a run of 200 ps to relax and 

equilibrate the system. Classical MD simulations of 30 ns were then performed using the NPT ensemble at a 

pressure of 1 atm and a temperature of 300 K. The weak coupling algorithm[14] was used to regulate the 

temperature and pressure. The temperature was maintained close to the intended value by weak coupling to 

an external temperature bath with a relaxation time of 2 ps and the pressure to an external pressure bath of 1 

atm with a coupling constant of 2 ps. The SHAKE algorithm[15] was used to constrain C-H bonds, and a time 

step of 2 fs was used to integrate the equations of motion. Periodic boundary conditions were imposed 

during simulation. The distance cutoff of 9.0 Å was applied to non-bonded interactions and the PME 

method[16] was used to compute long-range interactions. Configurations of the systems were stored at 

intervals of 1 ps. Analyses of the trajectories were performed using the PTRAJ module available in the 

AmberTools 1.4. Visualization of the trajectories was achieved using the VMD package.[17]  
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���� Study of the possibility of a double inclusion of Rh(COD)(1)2

+ in CD-dim cavities (structure B) :   
 
 

 

 
 
 

Figure S40: Systems A and B studied by molecular dynamics. 
 
 
 
 

Molecular dynamics simulations of the A and B systems were performed in explicit water, with 

starting geometries imposed to be such as represented on Figure S40.  

 

Figure 41 reports the distances between the center of mass of each CD cavity of CD-dim and the 

sulfur atom of the biphenyl group of each phosphane in the [Rh(COD)(1)2
+, BF4

-] species during the 30 ns 

of simulation.  

 

The structure of the system A proved to be a very stable association throughout the 30 ns of 

simulations (Figure 41 a).  

 

Conversly, the B structure did not stay in the double inclusion scheme (Figure 41 b). Many 

unsuccessful attempts to obtain an actual and stable B structure were made: either the complex B 

transformed into an A structure, or rhodium species and CD-dimer separated (Figure 41b) or the calculation 

stopped because of too important conformational clashes. The rigidity of the linker with the steric hindrance 

produced by the adjacent glucosidic units make the double inclusion phenomenon a very unlikely event.    
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Figure S41. Evolution with time of the distances between the center of mass of each CD cavity of CD-dim 

and the sulfur atom of the biphenyl group of each phosphane of Rh(COD)(1)2
+
 for (a) A structure 

and (b) B structure (red and black curves correspond to the distances defined on the chemical formulas). 
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���� Conformational study of A structure 

 

 
 

Dihedral angle = angle between (C5’, Cd1, Cd2) plan and (Cd1, Cd2, C5’’ ) plan 

 
Figure S42. Equilibrium between Asyn and Aanti conformations and definition of the dihedral angle. 

 

 

Figure S43. Evolution with time of the dihedral angle in A (dihedral angle=180° at t=0). 
 

Statistically, the Aanti conformation for the two CD units does exist, but is a very infrequent event in 
the simulations performed. In all the simulations performed, the Asyn conformation was always preferred. 
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VIII)  Tensiometry study of an aqueous solution of CD-dim 

 

Figure S44. Evolution of surface tension of an aqueous solution of CD-dim vs concentration (20°C). 
 
 

This curve was obtained with a Sigma 70 KSV automatic tensiometer. The Wilhelmy plate method 

was used. A concentrated solution of CD-dim was installed in the syringe of a dispenser connected to the 

tensiometer. Small volumes of this solution were added in a glass vessel containing ultrapure water at 20°C. 

After each addition, the solution is gently stirred for 1 minute and the surface tension was then determined 

after 5 minutes. 

 

IX)  Catalysis results 
 

Table S2: Rhodium-catalyzed hydroformylation of 1-decene in the presence of various combinations [Ligand/CD derivative] [a] 

 
 

 
 

Entry Ligand CD derivative C (%) [b] S (%) [c] l/b 

1 Phosphane 1 (-) 2 69 3.1 
2 TPPTS (-) 5 65 2.7 
3 Phosphane 1 β-CD 40 77 2.2 
4 TPPTS β-CD 45 89 1.9 
5 Phosphane 1 CD-dim 99 94 2.1 

6 TPPTS CD-dim 49 78 2.0 

[a] Conditions: Rh(acac)(CO)2 = 21 µmol (5.5 mg), ligand = 105 µmol (5 eq.), CD cavity = 210 µmol (10 eq.), substrate = 10.5 mmol (500 eq.), 6 
mL water, 80°C, 50 bar CO/H2, 1500 rpm, reaction time = 9h. [b] C = 1-decene conversion. [c] S = aldehydes selectivity. 
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Table S3: Rhodium-catalyzed hydroformylation of 1-hexadecene in the presence of various combinations [Ligand/CD derivative] [a] 

 
 

 
 

Entry Ligand CD derivative C (%) [b] S (%) [c] l/b 

1 Phosphane 1 (-) 3 47 2.6 
2 TPPTS (-) 3 56 2.6 
3 Phosphane 1 β-CD 27 48 2.6 
4 TPPTS β-CD 24 50 2.7 
5 Phosphane 1 CD-dim 53 54 2.6 

6 TPPTS CD-dim 20 57 2.9 

[a] Conditions: Rh(acac)(CO)2 = 21 µmol (5.5 mg), ligand = 105 µmol (5 eq.), CD cavity = 210 µmol (10 eq.), substrate = 10.5 mmol (500 eq.), 6 
mL water, 80°C, 50 bar CO/H2, 1500 rpm, reaction time = 9h. [b] C = 1-hexadecene conversion. [c] S = aldehydes selectivity. 

 
Table S4: Extra-conversions (%) observed with the [Phosphane 1 / CD-dim] system compared to the other [Phosphane 1 / ββββ-CD], 
[TPPTS /  ββββ-CD] and [TPPTS / CD-dim] combinations and for 1-decene and 1-hexadecene as substrate 
 

Entry Ligands CD derivative Edecene
[a] Ehexadecene

[a] 

1 Phosphane 1 β-CD +148% +96% 
2 TPPTS β-CD +120% +120% 

3 TPPTS CD-dim +102% +165% 

[a] For a given substrate and a given [Ligand/CD derivative] reference combination, extra-conversion (E(%)) obtained with the [Phosphane 
1/CD-dim]  system was defined from the conversion obtained with the [Phosphane 1/CD-dim] system (C(%)) and the conversion obtained with 
the reference combination (Cref(%)) by the following formula: Esubstrate (%)=((C-Cref)/Cref)x100. 

The water-solubilities of 1-decene and 1-hexadecene at 80°C were equal to 10 µM and 0.2 µM, 
respectively.[18-20] 
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