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Synthesis

General: Melting point was determined on Mikro-Heiztisch Polytherm A (Hund, Wetzlar) apparatus
and is uncorrected. The *H NMR spectra were measured at 400.13 MHz, 499.88 MHz, 600.13 MHz
and 850.30 MHz, the 3C NMR spectra at 100.61 MHz, 125.71 MHz and 150.90 MHz in CDCl; or
DMSO-d; as indicated in 5 mm PFG probe. For standardisation of 'H NMR spectra the internal signal
of TMS (6 0.0, CDCl;) was used. In the case of 13C spectra, the residual signal of solvent (6§ 77.00) was
used. The chemical shifts are given in 6-scale, the coupling constants J are given in Hz. The IR spectra
were measured in CHCl; or CCl, on FT-IR spectrometer Bruker Equinox 55. The El mass spectra were
determined at an ionising voltage of 70 eV, the m/z values are given along with their relative
intensities (%). The standard 70 eV spectra were recorded in the positive ion mode. The sample was
dissolved in chloroform, loaded into a quartz cup of the direct probe and inserted into the ion source.
The source temperature was 220 °C. For exact mass measurement, the spectrum was internally
calibrated using perfluorotri-n-butylamine (Heptacosa). The ESI mass spectra were recorded using ZQ
micromass mass spectrometer (Waters) equipped with an ESCi multi-mode ion source and controlled
by MassLynx software. Alternatively, the low resolution ESI mass spectra were recorded using a
guadrupole orthogonal acceleration time-of-flight tandem mass spectrometer (Q-Tof micro, Waters)
and high resolution ESI mass spectra using a hybrid FT mass spectrometer combining a linear ion trap
MS and the Orbitrap mass analyzer (LTQ Orbitrap XL, Thermo Fisher Scientific). The conditions were
optimised for suitable ionisation in the ESI Orbitrap source (sheat gas flow rate 35 a.u., aux gas flow
rate 10 a.u. of nitrogen, source voltage 4.3 kV, capillary voltage 40 V, capillary temperature 275 °C,
tube lens voltage 155 V). The samples were dissolved in methanol and applied by direct injection.
80% Methanol (flow rate 100 pl/min) was used as a mobile phase. The APClI mass spectra were
recorded using an LTQ Orbitrap XL (Thermo Fisher Scientific) hybrid mass spectrometer equipped
with an APCI ion source. The APCIl vaporizer and heated capillary temperatures were set to 400 °C
and 200 °C, respectively; the corona discharge current was 3.5 pA. Nitrogen served both as the
sheath and auxiliary gas at flow rate 55 and 5 arbitary units, respectively. The ionisation conditions
were the same for low-resolution as well as high-resolution experiment. The HR spectra were
aquired at a resolution of 100 000. UV-Vis spectra were recorded on SPECORD 250 PLUS (Analytik
Jena AG) with pure solvent (distilled THF) as a baseline. Optical rotations were measured in CHCl;
using an Autopol IV instrument (Rudolph Research Analytical).

The commercially available catalysts and reagent grade materials were used as received.
Diisopropylamine was distilled from calcium hydride under argon and degassed by three freeze-
pump-thaw cycles before use; the THF, toluene and benzene were freshly distilled from
sodium/benzophenone under nitrogen. TLC was performed on Silica gel 60 F,s,-coated aluminium
sheets (Merck) and spots were detected by the solution of Ce(SO,), . 4 H,0 (1%) and H;P(Mo0304),
(2%) in sulfuric acid (10%). The flash chromatography was performed on Silica gel 60 (0.040-0.063
mm, Fluka) or on Biotage® KP-C18-HS using the Isolera One HPFC system (Biotage, Inc.). Biotage
Initiator EXP EU (300 W power) was used for reactions carried out in microwave oven. Pd(PPh;),Cl,
was purchased, CpCo(CO)(fum) was synthesised according to the literature procedure.! The starting
materials (-)-(5)-62, 8% and 15* were synthesised according to the literature procedures.

Compound (-)-(M,R,R)-3 was synthesised according to previously published procedure.”



Synthesis of the model pyrene-based [7]helicene analogue (-)-(M,R,R)-2

First, we carried out the preparation of the unsymmetrical pyrene-based dioxa[7]helicene
analogue (-)-(M,R,R)-2, using the synthetic route developed earlier for its symmetrical congener (-)-
(M,R,R)-1.% Starting from enantiopure pyrenyl alkyne (+)-(R)-3 and pyrenyl iodide 4, the Pd"/Cu'-
catalysed Sonogashira coupling provided the bispyrenyl diyne (-)-(R)-5 (Scheme S1). This was then
alkylated, at its free phenolic group, by the enantiopure propargyl-type alcohol (-)-(S)-6? under the
Mitsunobu reaction conditions, this latter reactant undergoing inversion of configuration at its
stereogenic centre in the process. This yielded the enantiopure triyne (-)-(R,R)-7. The final Co'-
catalysed [2+2+2] cycloisomerisation in a commercial microwave reactor led to the desired
dioxa[7]helicene analogue (-)-(M,R,R)-2 in a diastereo- and enantiomerically pure form. Although
chirality was not an issue in the intended study on the through-space indirect NMR coupling, we
sought to maintain the closest possible structural similarity of (-)-(M,R,R)-2 to (-)-(M,R,R)-1, whose X-
ray structure is known* (we were unfortunately unable to produce single crystals of (-)-(M,R,R)-2 with
high enough quality for X-ray analysis). To this end, the presence of the two stereogenic centres in (-
)-(M,R,R)-2 required the use of the enantiopure propargyl-type alcohol (-)-(S)-6 to avoid the
formation of a mixture of diastereomers during the synthesis. It is worth noting that the [2+2+2]
cycloisomerisation reaction yielded a single diastereomer due to efficient stereocontrol by the 1,3-

allylic-type strain.>”
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Scheme S1 Synthesis of the unsymmetrical pyrene-based dioxa[7]helicene (-)-(M,R,R)-2. (a) Aryl
iodide 4 (1.1 equiv.), Pd(PPh;),Cl, (3 mol%), Cul (6 mol%), toluene-i-Pr,NH (4:1), RT, 1h; (b) alcohol
(5)-6 (1.1 equiv.), diisopropyl azodicarboxylate (DIAD, 1.2 equiv.), PPh; (2.2 equiv.), benzene, RT, 2.5
h; (c) CpCo(CO),(fum) (fum = dimethylfumarate, 20 mol%), 1-butyl-2,3-dimethylimidazolium
tetrafluoroborate ([bdmim]BF,, 20 mg/mL), microwave reactor, THF, 140 °C, 10 min. Tol = p-tolyl.
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(a) H,0, (3.0 equiv.), KOH (3.0 equiv.), THF-water (5:2), rt, 1 h, 86%; (b) NaH (1.2 equiv.), CH;0CH,CI
(1.2 equiv.), THF, 0 °Cto rt, 1.5 h, 75%; (c) n-Buli (1.1 equiv.), THF, -78 °C to -20 °C, 1 h, then I, (1.2
equiv.), -40 °C to rt, 50 min, 69%; (d) HCl (aq.), methanol, 60 °C, 4 h, used further without
purification; (e) TMS-C=CH (1.2 equiv.), Pd(PPh3),Cl, (3 mol%), Cul (6 mol%), i-Pr,NH-toluene (15:2),
rt, 1 h, 75% (over two steps); (f) (-)-(S)- 62 (1.1 equiv.), DIAD (1.2 equiv.), PPh; (1.1 equiv.), benzene,
rt, 10 min, 98%,; (g) K,CO; (2.0 equiv.), methanol, rt, 4 h, 98%.

Pyren-2-ol 92
The pyrene derivative 83 (1.00 g, 3.05 mmol) and potassium hydroxide (513 mg,
9.14 mmol, 3.0 equiv.) were dissolved in a mixture of tetrahydrofuran-water (70

ml, 5:2). To this mixture, a solution of hydrogen peroxide (30 wt %, 934 ul, 9.14
mmol, 3.0 equiv.) was slowly added and stirred at room temperature for 1 h. It
was purified by flash chromatography on silica gel (hexane-dichloromethane 1:9) to give product 9
(572 mg, 86%). The spectral and physical data were in agreement with literature.®

2-(Methoxymethoxy)pyrene 10

To a solution of pyren-2-o0l 9 (552 mg, 2.53 mmol) in tetrahydrofuran (60 ml) at
0 °C, sodium hydride (95%, 76.6 mg, 3.03 mmol, 1.2 equiv.) was carefully added
and the reaction mixture was stirred at 0 °C for 30 min. Then methoxymethyl
chloride (256 ul, 3.03 mmol, 1.2 equiv.) was added and the reaction mixture

OMOM

was stirred at 0 °C for 1.5 h. The reaction mixture was quenched with a saturated solution of NaHCO;
(60 ml), extracted with dichloromethane (3 x 30 ml), the combined organic phases were washed with




water (3 x 30 ml) and dried over anhydrous MgS0O,. The solvent was removed in vacuo. Column
chromatography on silica gel (hexane-dichloromethane 2:3) gave 10 (500 mg, 75%) as white crystals.
Mp: 80-82 °C (dichloromethane-hexane).

1H NMR (400 MHz, CDCl;) and 3C NMR (101 MHz, CDCl;) data:
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8.06 d O/\O/ 3 128.03 ° o/ 3
8.00 d 7.87s 126.88 112.53
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IR (CHCl5): 3045 w, 1642 w, 1601 m, 1559 m, 1477 w, 1448 m, 1441 m, 1402 g, 1153 s, 1136 m, 1079
m, 1071 m, 1026 s, 998 m, 921 m, 870 m, 709 vs cm™™.

APCI MS: 263 ([M+H]*).

HR APCI MS: calcd for C13H150,263.1067, found 263.1067.

1-lodo-2-(methoxymethoxy)pyrene 11

To a solution of derivative 10 (500 mg, 1.91 mmol) in tetrahydrofuran (20 ml) at
-78 °C under argon a solution of n-butyllithium (1.6 M in hexanes, 1.31 ml, 2.10
mmol, 1.1 equiv.) was carefully added and the reaction was stirred at -20 °C for
1 h. The reaction mixture was then cooled to -40 °C and a solution of iodine

(581 mg, 2.29 mmol, 1.2 equiv.) in tetrahydrofuran (15 ml) was added over a
period of 10 min. After stirring at room temperature for another 50 min, a saturated solution of
NH,CI (50 ml) was added. The reaction mixture was extracted with ethyl acetate (3 x 50 ml), the
combined organic phases were washed with a solution of Na,S,0; (10 wt %, 50 ml), water (2 x 50 ml),
brine (50 ml) and dried over anhydrous Na,SO,, filtered and evaporated to dryness. Column
chromatography on C-18 coated silica gel (acetonitrile) gave product 11 (510 mg, 69%) as white
crystals.

Mp: 120-122 °C (acetonitrile).
1H NMR (500 MHz, CDCl;) and **C NMR (126 MHz, CDCl;) data:
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IR (CHCI5): 3045 w, 2850 m, 2830 w, sh, 1626 w, 1587 m, 1545 m, 1482 w, sh, 1464 w, 1429 m, 1282
s, 1153 s, 1094 m, 1028 vs, 932 m, 882 w, 839 s, 709 m cm™.

TOF EI MS: 388 (M**, 100).

HR TOF El MS: calcd for C15H450,1387.9960, found 387.9955.

1-lodopyren-2-ol 12

MOM-Derivative 11(was dissolved in tetrahydrofuran (15 ml) and conc. HCI (0.7
ml) was added. The reaction mixture was stirred at 60 °C for 4 h. After cooling to
the room temperature, the reaction mixture was diluted by dichloromethane (20

ml) and washed with water (3 x 20 ml), brine (20 ml) and dried over anhydrous
Na,S0.. The solvent was removed at reduced pressure and the crude product 12
was used without further purification in the following step.

1-[(Trimethylsilyl)ethynyl]pyren-2-ol 13
A mixture of Pd(PPh;),Cl, (17 mg, 0.024 mmol, 3 mol%), Cul (9.3 mg, 0.049 mmol, 6
O‘ mol%) and iodo derivative 12 (280 mg, 0.814 mmol) in diisopropylamine (15 ml)
‘O and toluene (2 ml) was stirred at room temperature for 20 min. Then
o (trimethylsilyl)acetylene (137 pl, 0.976 mmol, 1.2 equiv.) was added over a period
” of 10 min and the resulting reaction mixture was stirred under argon at room
™S temperature for 1 h. The reaction mixture was diluted by ethyl acetate (30 ml) and
washed by a saturated solution of NH,Cl (3 x 20 ml), brine (20 ml) and dried over anhydrous Na,SO,,
filtered and evaporated to dryness. Column chromatography on silica gel (hexane-dichloromethane
3:2) afforded the protected alkyne 13 (191 mg, 75 %, over 2 steps) as a yellowish amorphous solid.
Mp: 87-89 °C (dichloromethane-hexane).

1H NMR (400 MHz, CDCls) and 3C NMR (101 MHz, CDCl5) data:

9.0
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H3C——Si—CH; HsC——Si—CH;
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0.43s 0.41
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IR (CHCI;): 3508 m, 3050 w, 2961 m, 2900 w, 2141 m, 1638 m, 1599 m, 1542 m, 1438 s, 1404 m, 1253
s,1140s,985w, 882's, 843 scm™™.

TOF EI MS: 314 (M**, 100), 299 (28).

HR TOF EI MS: calcd for C,;H50Si1314.1127, found 314.1124.



(+)-Trimethyl[(2-{[(1R)-1-methyl-3-(4-methylphenyl)prop-2-yn-1-yl]Joxy}pyren-1-yl)ethy-nyl]silane

14
A mixture of TMS-derivative 13 (95 mg, 0.30 mmol), triphenylphosphine
O‘ (87 mg, 0.33 mmol, 1.1 equiv.) and (-)-(5)-62 (53 mg, 0.33 mmol, 1.1
‘O : equiv.) in benzene (3 ml) in a Schlenk flask was purged with argon, then
(e} N
| | /\Td
™S

diisopropyl azodicarboxylate (71 ul, 0.36 mmol, 1.2 equiv.) was added.
After stirring at room temperature under argon atmosphere for 10 min,
the reaction mixture was evaporated to dryness and the residue was
purified by column chromatography on silica gel (hexane-ethyl acetate 9:1) to obtain product (+)-(R)-
14 (135 mg, 98%) as a yellow-orange oil.
Optical rotation: [c]?°; = + 138° (¢ 0.291, CHCl5).
'H NMR (600 MHz, CDCl;) and 3C NMR (151 MHz, CDCl;) data:

125.74 128.68

CH3 3
HaC—Si—CHj ToTm 231 H3C—S|i—CH3 12898 2143
CHs CHs
041s 0.23
(9H) (3C)

IR (CHCl5): 3047 w, 2900 w, 2147 m, 1625 w, 1596 m, 1584 w, 1539 m, 1510 m, 1440 m, 1409 w,
1332 w, 1309 m, 1285 m, 1252 m, 1231 m, 1181 m, 1047 m, 999 w, 971 w, 888 m, 853 s, 844 s, 830
m, 688 m, 544 w cm.

APCI MS: 457 ([M+H]").

HR APCI MS: calcd for C3,H,50Si457.1982, found 457.1981.

(+)-1-Ethynyl-2-{[(1R)-1-methyl-3-(4-methylphenyl)prop-2-yn-1-ylJoxy}pyrene 3

To a solution of diyne (+)-(R)-14 (130 mg, 0.285 mmol) in methanol (20
ml) potassium carbonate was added (79 mg, 0.57 mmol, 2.0 equiv.) in one
portion. The reaction mixture was stirred at room temperature for 4 h
and then filtered through a plug of silica gel (6 x 2 cm, dichloromethane).

The solvents were evaporated and the residue was purified by column
chromatography on silica gel (hexane-dichloromethane 4:1) to furnish the product (+)-(R)-3 (107 mg,
98%) as yellowish crystals.

Mp: 150-152 °C (dichloromethane-hexane).

Optical rotation: [0]° = + 273° (c 0.234, CHCl5).

1H NMR (400 MHz, CDCl;) and 3C NMR (101 MHz, CDCl;) data:



9.1
8.16d 8.07d 125.83 128.85

7.28m 131.58

231s 21.67

IR (CHCI5): 3305 m, 3048 w, 2869 w, 2229 w, 2100 w, 1623 w, 1596 m, 1585 m, 1539 m, 1510 m,
1441 m, 1417 m, 1387 w, 1332 w, 1305w, 1282 vs, 1260 w, 1088 s, 1046 m, 854 s, 688 w cm™L.

APCI MS: 385 ([M+H]*).

HR APCI MS: calcd for CyH,,0385.1587, found 385.1588.



Dioxa[7]helicene analogue (-)-(M,R,R)-2

(+)-(R)-

(a) 4 (1.1 equiv.), (Pd(PPh3),Cl, (3 mol%), Cul (6 mol%), toluene-i-Pr,NH (4:1), rt, 1 h, 73%; (b) (-)-(5)-62
(1.1 equiv.), DIAD (1.2 equiv.), PPh; (2.2 equiv.), benzene, RT, 2.5 h, 92%; (c) CpCo(CO)(fum) (20
mol%), [bdmim]BF, (20 mg/ml), microwave reactor, THF, 140 °C, 10 min, 67%.

Jo C QU o >

(a) HCI (aqg.), methanol, 60 °C, 4 h, used further without purification.

7-tert-Butyl-1-iodopyren-2-ol 4

MOM-Derivative 15* (470 mg, 1.06 mmol) was dissolved in tetrahydrofuran (15
ml) and conc. HCI (36 wt%, 0.7 ml) was added. The reaction mixture was stirred
at 60 °C for 4 h. After cooling to the room temperature, the reaction mixture
was diluted by dichloromethane (20 ml) and washed with water (3 x 20 ml),




brine (1 x 20 ml) and dried over anhydrous Na,SO,. The solvent was removed under stream of
nitrogen and the crude product 4 (420 mg) was used without further purification in the following
step. Only a small sample of 4 (40 mg) was purified by column chromatography (hexane-
dichloromethane 7:3) for characterisation.

Mp: 168-170 °C (dichloromethane-hexane).

1H NMR (600 MHz, CDCl5) and *3C NMR (151 MHz, CDCls) data:

133.54 152.84
120.91

IR (CHCI5): 3589 w, 3487 m, 3048 vw, 2967 s, 2868 w, 1633 vw, 1598 vs, 1554 m, 1479 m, 1437 s,
1413 s,1395w, 1363 w, 1288 w, 921 w, 882 vs, 694 w cm™.

TOF EI MS: 400 (M**, 100), 385 (82), 273 (7), 258 (23), 243 (17), 189 (13), 178 (14), 127 (8).

HR TOF EI MS: calcd for C,0H;,01 400.0324, found 400.0328.

(-)-7-tert-Butyl-1-[(2-{[(1R)-1-methyl-3-(4-methylphenyl)prop-2-yn-1-yl]Joxy}pyren-1-
yl)ethynyl]pyren-2-ol 5

A mixture of Pd(PPh;),Cl, (2.59 mg, 3.69 umol, 3 mol%), Cul (1.41 mg,
7.40 umol, 6 mol%) and iodopyrenol 4 (49.24 mg, 0.1230 mmol, 1.1
equiv.) in diisopropylamine (0.5 ml) and toluene (1 ml) was stirred at
room temperature under an argon atmosphere for 10 min. A solution
of alkyne (+)-(R)-3 (43 mg, 0.11 mmol) in toluene (1 ml) was added
dropwise over a period of 10 min and the reaction mixture was stirred
at room temperature under an argon atmosphere for 1 h. The reaction
mixture was poured into a saturated solution of NH,Cl (20 ml) and

extracted with ethyl acetate (2 x 10 ml). The combined organic phases
were washed with a saturated solution of NH,Cl (2 x 20 ml), dried over anhydrous MgSQ,, filtered
and evaporated to dryness. Column chromatography on silica gel (hexane-ethyl acetate 4:1) afforded
product (-)-(R)-5 (59 mg, 73%) as a yellow powder.

Mp: 171-173 °C (dichloromethane-hexane).

Optical rotation: []?°; = - 72.2° (c 0.313, CHCI3).

'H NMR (600 MHz, CDCl5) and 3C NMR (151 MHz, CDCl;) data:

10
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35.16 12306 128.67

IR (CCly): 3447 m, 3047 m, 2965 s, 2956 s, 2231 w, 2177 vw, 1633 w, 1610 m, 1595 s, 1585 m, 1542
m, 1511 m, 1480 w, 1458 m, 1445 s, 1410 m, 1394 w, 1378 m, 1362 w, 1331 m, 1309 m, 1285 vs,
1226's,1180 w, 1147 m, 1121 m, 1085 s, 1021 m, 880's, 615 w cmL.

ESI MS: 679 ([M+Na] *).

HR ESI MS: calcd for C45H350,Na 679.2608, found 679.2608.

(-)-7-tert-Butyl-2-{[(1R)-1-methyl-3-(4-methylphenyl)prop-2-yn-1-yl]oxy}-1-[(2-{[(1R)-1-methyl-3-(4-
methylphenyl)prop-2-yn-1-ylJoxy}pyren-1-yl)ethynyl]pyrene 7

11



Tol
Tol

92%) as a yellow crystals.

A suspension of diyne (-)-(R)-5 (41 mg, 0.062 mmol),
triphenylphosphine (18.01 mg, 0.181 mmol, 2.2 equiv.) and (-)-(S)-62
(31.7 mg, 0.0687 mmol, 1.1 equiv.) in benzene (1 ml) in a Schlenk flask
was purged with argon, then diisopropyl azodicarboxylate (14.8 ul,
0.0749 mmol, 1.2 equiv.) was added. The orange suspension turned to
a wine red solution. After stirring at room temperature under argon
atmosphere for 2.5 h, the reaction mixture was evaporated to dryness
and the residue was purified by column chromatography on silica gel
(hexane-dichloromethane 7:3) to obtain the product (-)-(R,R)-7 (46 mg,

Optical rotation: [0]?°; = - 272° (c 0.279, CHCl3).

Mp: 100-102 °C (dichloromethane-hexane).

1H NMR (400 MHz, CDCl5): 1.62 (s, 9H), 2.19 (d, J = 6.5 Hz, 3H), 2.20 (d, J = 6.5 Hz, 3H), 2.30 (s, 6H),
5.60 (m, 2H), 7.06 (m, 4H), 7.33 (m, 4H), 7.93-8.07 (m, 7H), 8.14-8.18 (m, 4H), 8.22 (s, 2H), 9.10 (d, J =
9.1 Hz, 1H), 9.11 (d, J = 1.9 Hz, 1H).

13C NMR (101 MHz, CDCl,): 21.42, 21.43, 22.88, 22.91, 31.93 (3C), 35.16, 65.96, 65.99, 86.52, 86.54,
87.72, 87.80, 95.62, 95.95, 109.55, 109.83, 110.15, 110.20, 119.37, 120.21, 120.24, 122.55, 122.82,
122.95, 124.30, 125.27, 125.53, 125.60, 126.06, 126.18, 126.89, 127.00, 128.36, 128.61, 128.62,
128.90, 128.95 (4C), 130.28, 130.31, 130.41, 130.45, 131.65 (2C), 131.69 (2C), 131.83, 131.96,
133.28, 133.40, 138.55, 138.58, 148.38, 156.06, 156.20.

IR (CHCIl5): 3047 w, 2991 m, 2966 s, 2230 w, 2200 vw, 1601 m, 1585 m, sh, 1510 s, 1479 w, 1409 w,
1395 m, 1375w, 1363w, 1329 m, 1261 m, 1185, 1118 m, 1090 vs, 1021 m, 818 s, 645 w cm™.
UV-Vis (THF): Aoy (log €) = 252 (5.16), 304 (4.58), 400 (4.57), 426 (4.71), 452 nm (4.87).

Fluorescence (THF, Ao, 452 nm): Apax (/rel) 467 (1.00), 496 nm (0.62).

APCI MS: 799 ([M+H]*).

HR ESI MS: calcd for CgoH470,799.3571, found 799.3572.

(-)-(M,17R,20R)-4-tert-Butyl-17,20-dimethyl-18,19-bis(4-methylphenyl)-17,20-dihydrodi-
phenaleno[1,9-fg:1,9-f'g |benzo[1,2-c:4,3-c']dichromane 2
A suspension of triyne (-)-(R,R)-7 (42 mg, 0.053 mmol), CpCo(CO)(fum) (3.13 mg, 0.0105 mmol, 20

mol%), [bdmim]BF, (50 mg) in tetrahydrofuran (2.5 ml) was heated in a
microwave reactor at 140 °C for 10 min. After cooling to room
temperature, the solvent was evaporated and the residue was purified
by column chromatography on silica gel (hexane-ethyl acetate 9:1) to
afford product (-)-(M,R,R)-2 (20 mg, 67%) as a yellow powder.

Optical rotation: [0]° = - 2487° (c 0.747, CHCl;).
Mp: >350 °C (chloroform-hexane).
'H NMR (600 MHz, CDCl;) and 3C NMR (151 MHz, CDCl;) data:

12
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7351 /CH,
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IR (CHCI5): 2965 m, 1633 w, sh, 1601 m, 1544 w, 1517 w, 1493 w, 1479 w, 1404 m, 1394 m, 1375 m,
1368 w, 1277 s,1148 m, 1111 w, 1057 m, 1020 m, 880 m, 828 m, 813 m, 699 m, 532 w cm™.

UV-Vis (THF): A (log €) = 248 (4.82), 299 (4.42), 372 (4.71), 404 nm (4.21).

Fluorescence (THF, Ao, 396 nm): Apax (/rel) 573 (1.00), 458 nm (0.29).

APCI MS: 799 ([M+H]*).

HR APCI MS: calcd for CgoH,a70,799.3571, found 799.3572.

13



NMR Spectroscopy

NMR spectra were measured on a Bruker Avance Il 500, Avance lll 600 and/or Avance Il 850
spectrometer (500.0, 600.1 or 850.3 MHz for 'H and 125.7, 150.9 or 213.8 MHz for 3C) equipped
with a 5 mm PFG cryoprobe. All spectra were acquired for samples in CDCl; and referenced to TMS.
Signals of all hydrogen and carbon atoms were assigned by using a combination of 1D and 2D
(H,HCOSY, H,C-HSQC, H,C-HMBC, and H,H-ROESY) techniques. The long-range COSY (LR-COSY)
experiment was recorded by using the standard magnitude-mode COSY sequence and setting the
delay for evolution of long-range couplings to 800 ms. Eight kilo data points were acquired in the F,
dimension and 350 increments in the F; dimension. Spectral window of 10 ppm x 10 ppm, pre-
acquisition delay of 1s and 48 scans were used. The small through-space couplings were obtained
from selective 1D homonuclear decoupling experiments, in which the data were reproduced
iteratively by simulations with different coupling-constant values. Homonuclear J-resolved
experiment was performed with the standard pulse sequence (jresqf). The spectral width in the
indirect dimension (the dimension of H-H coupling) was 24 Hz. 128 increments were used leading to
spectral resolution in the indirect dimension of 0.38 Hz).

NMR spectroscopy experiments with compound (-)-(M,R,R)-3

The assignment of 'H and 13C NMR signals is based on a combination of 1D (*H, 3C-APT) and 2D
homo- and hetero-nuclear NMR experiments (H,H-COSY, H,C-HSQC and H,C-HMBC). Selected
indicative HMBC contacts are shown in Figure S1.

'H NMR (500 MHz, CDCl3): 0.93 (d, 3H, Jeu3 7 = 6.7, CH3'), 0.96 (d, 3H, Jeps 7 = 6.7, CH3), 2.26 (s, 6H,
CHs-Tol), 3.82 (s, 3H, OCH3), 5.25 (q, 1H, J7.cu3 = 6.7, H-7), 5.26 (q, 1H, J7cuz = 6.7, H-7'), 6.39 (dd, 1H,
J,1=8.7,J,4=2.6,H-2), 6.57 (d, 1H, Js, = 2.6, H-4), 6.65-6.68 (m, 2H, 0-Tol), 6.80 (m, 1H, H-2'), 6.85—
6.89 (m, 2H, m-Tol), 7.01 (dd, 1H, J4 3 = 8.1, Jy » = 1.3, H-4'), 7.09 (m, 2H, m-Tol), 7.13-7.18 (m, 3H, H-
3'and o-Tol), 7.37 (d, 1H, J;, = 8.7, H-1), 7.52 (dd, 1H, J;., = 7.9, J;. 3 = 1.6, H-1).

13C NMR (126 MHz, CDCl;): 18.29 and 18.33 (CHs-7 and CHs-7'), 21.17 (CHs-Tol), 55.25 (OMe),
72.95 (C-7"), 73.13 (C-7), 103.81 (C-4), 107.60 (C-2), 116.24 (C-10), 119.11 (C-4'), 120.88 (C-2'), 123.72
(C-10'), 124.47 (C-9'), 125.36 (C-9), 128.34 and 128.54 (m-Tol), 128.77, 128.99, 129.02 and 129.04 (o-
Tol, C-1' and C-3'), 130.03 (C-1), 130.67 and 130.75 (o-Tol), 134.87 and 134.90 (i-Tol), 135.93 and
135.95 (p-Tol), 136.30 (8'-C-i'), 137.06 (8-C-i), 137.79 (C-8), 139.01 (C-8'), 153.32 (C-5'), 154.73 (C-5),
160.44 (C-3).

Figure S1. The structure of compound (-)-(M,R,R)-3 with atom numbering and with selected
indicative HMBC contacts used for unequivocal signal assignment. The HMBC contacts are indicated
by blue arrows starting at a hydrogen atom and heading to a coupled carbon atom.
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Figure S2. A part of the long-range COSY spectrum of compound (-)-(M,R,R)-3 measured on a 600

MHz spectrometer in CDCl; with cross-peaks corresponding to through-space coupling highlighted by
red circles.
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Figure S3. 2D homonuclear J-resolved NMR spectrum of compound (-)-(M,R,R)-3.
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Figure S4. Expansion of the aromatic part of 2D homonuclear J-resolved NMR spectrum of compound
(-)-(M,R,R)-3. The signals of H1, which were used for the plot in Figure 2 in the main text are
highlighted.
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NMR spectroscopy experiments with compound (-)-(M,R,R)-2

The assignment of 'H and 3C NMR signals is based on a combination of 1D (*H , *3C-APT) and 2D
homo- and hetero-nuclear NMR experiments (H,H-COSY, H,C-HSQC and H,C-HMBC). Signals of
fragments A and B were unequivocally assigned with the help of the splitting patterns in H
spectrum: hydrogen atoms A7 and A9 appear as doublets with small (four-bond) coupling of 1.8 Hz,
whereas three-spin system was observed in fragment B (B7-B8-B9) with three-bond couplings of 7.56
Hz and four-bond coupling of 1.5 Hz. The assignments were also confirmed by heteronuclear C—H
correlations and NOE experiments.

T T T
7.52 7.50 7.48 ppm

Fig. S5. 'H NMR spectrum of (-)-(M,R,R)-2 (signals of A9 — left and B9 — right) with selective
homonuclear decoupling of the signal of tert-butyl hydrogens (blue) and with the decoupler set to 0
ppm (red). 128 k data points were acquired with spectral window of 10 ppm. It has been reported
previously?® that fitting of experimental spectra with simulated signal line-shapes leads to accuracy of
the spectral parameters (0.002—0.010 Hz), which is far better than the digital resolution.

7.508 7.509 7.51 7.511 7.512

Fig. S6. Spectral simulation of a signal of an aromatic hydrogen coupled to nine equivalent aliphatic
hydrogen atoms with different coupling constant. Line broadening of 0.3 Hz was used for the
simulations. Comparison with the experimental spectra presented in Fig. S5 suggests that the TSC
between the tert-butyl group and B9 is ca 0.02 Hz.
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Fig. S7. The spectral row with interactions of the tert-butyl hydrogens extracted from long-range
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Fig. $8. Long-range COSY spectrum of (-)-(M,R,R)-2 Measured on an 850 MHz spectrometer in CDCls.
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Computations

Methods

Geometry optimization of the studied compound and J-coupling calculations were performed in
Gaussian09 program?® using B3LYP functional'*'2 and 6-31g(d), 6-311+g(d,p), 6-311++g(2df,2pd) and
IGLO-III basis sets.

The indirect spin-spin couplings at the coupled clusters singles and doubles level were calculated
with CFOUR program package suitable for performing high-level quantum chemical calculations on
atoms and molecules.*3*4

The calculations of the coupling deformation density (CDD) used for the visualisation of NMR spin-
spin coupling pathways and their analysis were done with a modified version of the deMon-KS
program.’® In these calculations we employed the Perdew86 exchange-correlation functional
(PP86)61° and IGLO-II basis set.?° Visualization has been done with AVOGADRO 1.1.1.%

The initial plots of the coupling deformation density were done for the medium size model ii. For
the analysis of separate contributions we used a model structure (iii) obtained by removing some
parts from the initial one and closing the broken bonds by hydrogens. The geometry of the remaining
fragment was kept the same as in the initial structure.

For the analysis of CDD we used the localized molecular orbitals obtained with the Pipek-Mezey
localization.?? We localized all occupied orbitals and the lowest 100 (twice the number of the valence
orbitals) unoccupied. Expansion of CDD in terms of molecular orbitals is described in ref.?3

Results

Table S1. DFT calculated and experimental J-couplings (Hz) in models of compound (-)-(M,R,R)-3.
Geometry optimisation of model A at B3LYP/6-31g** level, NMR calculation at B3LYP/IGLO-III level.
Models B—G were cut from the geometry optimised model-A and hydrogen atoms were added to the
dangling bonds.

. H;CO HO HO7\/
/
O O O O @ R
Q O O 2 9 O
@ 7 V4 7 Z 7
B E F G Cc D
Coupling model-A model-B  model-E  model-F model-G model-C model-D Experiment
TSC 1-1’ 0.62 0.62 0.59 0.69 0.70 0.66 0.68 0.61
FC1-1 0.56 0.56 0.56 0.62 0.62 0.61 0.68
1-2 8.48 8.59 8.73
1-4 0.36 0.43 0.33
1-2’ 7.64 7.79 7.88
1-3’ 1.42 1.20 1.66
1-4 0.45 0.62 0.51
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Table S2. Fermi contact contribution to TSC calculated at B3LYP and CCSD levels with various basis
sets for model D of compound (-)-(M,R,R)-3.

Basis set # of basis functions  B3LYP CCSD

cc-pVDZ 96 0.347  0.202
aug-cc-pvDZ 164 0.622
cc-pVTZ 232 0.739
aug-cc-pVTZ 368 0.632
cc-pvQz 460 0.684
aug-cc-pvQz 688 0.701
ccl-pvDZ 180 0.796  0.542
ccl-pVTZ 356 0.794
ccl-pvQZz 588 0.835
pcl-2 396 0.818
pcl-3 684 0.820
IGLO-III 220 0.676  0.496

Attempting to verify the TSC nature of the spin-spin couplings under study, we performed the QTAIM
analysis?* for model D of compound (-)-(M,R,R)-3 and of model iv (see below) of compound (-)-
(M,R,R)-2. We have found a BCP in the space between the molecular fragments, though not exactly
on the line connecting the interacting protons. However, we would like to note that the QTAIM
analysis provides information about the ground state electron density in the absence of magnetic
perturbations. The analysis of CDD indicates that for the spin-spin couplings under study a significant
part of the coupling pathway is provided by the response of the electron density on the nuclear
magnetic moments that is not taken into account in the QTAIM approach. Therefore the found BPC
may not provide the complete explanation.

Fig. S9. The QTAIM analysis of model D of compound (-)-(M,R,R)-3 at B3LYP/6-31g(d) (left) and
B3LYP/IGLO-III (right) level. Bond critical points are shown as green spheres together with electron
densities. The analysis was performed with the AIMAIl program.?>
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Fig. $10. The QTAIM analysis of model iv of compound (-)-(M,R,R)-2 at B3LYP/6-31g(d) (left) and
B3LYP/IGLO-III (right) level. Bond critical points are shown as green spheres together with electron
densities. The analysis was performed with the AIMAIl program.?>

a) no dispersion b) GD2 c) GD3
d=7.0A d=38A d=40A

Fig. S11. Geometry-optimised (B3LYP/6-31g(d)) structures of compound (-)-(M,R,R)-2 with (a) no
correction for dispersion interactions, (b) Grimme’s empirical correction D2,%6 and (c) Grimme’s
empirical correction D3.?” The parameter d is the distance between the carbon atoms A9 and B8.

Table S3. Dependence of distance d in geometry optimised structures on the computational method.

Functional  Basisset  Dispersion Solvation d/A
B3LYP 6-31g(d) - - 7.028
B3LYP 6-31g(d) GD2 - 3.782
B3LYP 6-31g(d) GD3 - 4.024
B3LYP cc-pvVDZ - - 7.096
B3LYP cc-pvDZ - CPCM, chloroform  7.087
B97D cc-pvDZ included - 3.767
B97D cc-pvDZ included CPCM, chloroform  4.186
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Fig. S12. The relative energy of (-)-(M,R,R)-2 for a given distance d between the carbon atoms A9 and
B8. The geometry was optimised by DFT (B3LYP/6-31g(d)) employing an empirical dispersion
correction term D3.

Table S4. The calculated J-coupling values (B3LYP/6-31g(d)) of hydrogen atoms B9 and B11 with the
hydrogen atoms of the tert-butyl group for the three geometry models: full molecule (-)-(M,R,R)-2 (i),
two pyrene molecules without (i/) and with (ii-opt) optimisation of the positions of the hydrogen
atoms added to carbons with dangling bonds, and tert-butylbenzene with naphthalene (iii). The
coupling values of all nine tert-butyl hydrogens were averaged.

i ii ii-opt i

BO 0.226 0.220 0.220 0.197
B11 0.255 0.248 0.248 0.223

Table S5. The basis set dependence of the calculated J-coupling values and their components (B3LYP)
of hydrogen atoms B9 and B11l with the closest hydrogen atom of the tert-butyl group for the
smallest geometry model (jii).

6-31g(d) 6-311+g(d,p) 6-311++g(2df,2pd) IGLO-III

JFe B9 -0.312 -0.255 -0.254 -0.257
B11 -0.036 -0.007 -0.006 -0.002
JP B9 -0.018 -0.021 -0.021 -0.020
B11 -0.035 -0.035 -0.031 -0.036
JPso B9 -2.029 -2.947 -3.152 -3.439
B11 -1.669 -2.283 -2.436 -2.688
Jpso B9 3.487 3.516 3.544 3.540
B11 2.723 2.735 2.750 2.747
JPSO4yPs0 B9 1.458 0.569 0.391 0.101
B11 1.054 0.452 0.314 0.059
Jrotal B9 1.128 0.293 0.116 -0.176
B11 0.984 0.411 0.277 0.021
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Table S6. Fermi contact contribution to TSC calculated at B3LYP and CCSD levels with various basis

sets for model iv of compound (-)-(M,R,R)-2.

Basis set # of basis functions B3LYP CCSD
cc-pVDZ 82 -0.151 -0.251
aug-cc-pvDZ 141 -0.207

cc-pVTZ 202 -0.223  -0.155
aug-cc-pVTZ 322 -0.214
cc-pvQz 405 -0.191
aug-cc-pvQz 608 -0.196
ccl-pvDzZ 155 -0.277 -0.208
ccl-pVTZ 315 -0.216
ccl-pvQz 521 -0.236

pcl-2 345 -0.224

pcl-3 599 -0.226

IGLO-III 185 -0.154 -0.151
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Fig. S13. The distance dependence of the calculated (the smallest geometry model iii, B3LYP/IGLO-III)
through-space indirect coupling and its components (Fermi contact — FC, Spin dipolar — SD,
Paramagnetic spin-orbit — PSO, Diamagnetic spin-orbit — DSO) for all individual pairs of the hydrogen
atoms of the tert-butyl group with hydrogen atoms B9 and B11. The couplings were calculated for 10
geometries differing in the distance d (3.4-5.2 A) between the carbon atoms A9 and B8 in (-)-(M,R,R)-

2.
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Fig. $14. The structure of very small models of compound (-)-(M,R,R)-2 used for CCSD calculations of

Fermi contact terms: model iv (left) and model v (right).

Table S7. The Fermi contact term calculated at DFT(B3LYP) level for models iii—v and at CCSD level for

models iv—v.
Model iii Model iv Model v
DFT DFT CCSD DFT CCsSD
-0.197 -0.154 -0.151 -0.149 -0.140
-0.025 -0.026 -0.028 -0.030 -0.035
-0.005 -0.0001 -0.006 -0.033 0.009
0.10 -
& %o
0.05 - .% A { o o
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. 0.00 +—————— . 6
= 005 ° o ®
L ® B9
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®
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Fig. S15. Dependence of the FC contribution to J(H.s,-Hags11) ON the distance between the tert-butyl
hydrogen and the B9/B11 carbon. The plot shows the results for the tert-butyl hydrogens with R(H,.

8i—Cao/s11) < 3.7 A in the small model jii (PP86).
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Fig. S16.The coupling pathway for J(H.s,—Hgs) (left) and for J(H.s,—Hz11) (right) for the small model jii
of (-)-(M,R,R)-2. The isosurface value is 0.00003 and 0.00006 a.u., respectively.

< -
Fig. S17. The contribution from the occupied-occupied block of the CDD matrix to the coupling
pathway for J(H.g,—Hss) and for J(H.g,—Hg11) in the small model iii of (-)-(M,R,R)-2. The isosurface

value is 0.00003 a.u.

Fig. S18. The contribution from the vacant-vacant block of the CDD matrix to the coupling pathway
for J(Hes,—Hgg) and for J(H:z,—Hg11) in the small model iii of (-)-(M,R,R)-2. The isosurface value is
0.00003 a.u.

Fig. $19. The contribution from the occupied-vacant block of the CDD matrix to the coupling pathway
for J(Hys,—Hgs) and for J(H.g,—Hg11) in the small model iii of (-)-(M,R,R)-2. The isosurface value is
0.00003 and 0.00006 a.u., respectively.
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Fig. S20. The contribution from the occupied-occupied block of the CDD matrix to the coupling
pathway for J(H1-H1') in compound (-)-(M,R,R)-3. The isosurface value is 0.00008 a.u.

Fig. S21. The contribution from the vacant-vacant block of the CDD matrix to the coupling pathway
for J(H1-H1') in compound (-)-(M,R,R)-3. The isosurface value is 0.00008 a.u.

Fig. S22. The contribution from the occupied-vacant block of the CDD matrix to the coupling pathway
for J(H1-H1') in compound (-)-(M,R,R)-3. The isosurface value is 0.00008.

The LMO pairs have been separated into three main groups: occupied-occupied, vacant-vacant
and occupied-vacant. The contributions from the first two groups for both couplings in (-)-(M,R,R)-2
are shown in Figs. S15 and S16. The contribution from the occupied-occupied block of the CDD matrix
comes mainly from the two orbitals, C—H;, and C—Hgg/s11 (that is their squares and the cross-term) as
it is clearly seen on Fig. S15. This contribution is less pronounced for proton B11 as it should be
expected since the distance between H,g, and Hg;; is longer (2.6 A) than for Hgg (2.49 A). However,
overall the occupied-occupied block gives similar contributions in both cases just as the vacant-
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vacant block (see Fig. S16). The effect of occupied-occupied and vacant-vacant blocks on CDD in the
“through-space” area between the A- and B-planes is minor.

In contrast, the occupied-vacant block (see Fig. S17) contributes to the through-space part for
both couplings giving very different plots. Obviously, these plots reflect the asymmetry in the
position of the H.g, proton with respect to Hgg and Hg;; and therefore with respect to the response of
the m-system B on the magnetic interaction of nucleus H,g, with Hgg and Hg,4, respectively. However,
if one restricts the occupied-vacant block to the combination of only four orbitals directly related to
H:sy and Hggsp11, that is to the occupied LMOs representing the C—H,p, and C—Hggs11 bonds and their
two unoccupied antibonding orbitals, then the resulting plots would be again very similar (see Fig. 8
in the manuscript).

y 4 p
13 4
v F P ; ¢
< / <
e -e
A
|

N b
Fig. S23. o*( C-Hgg11) (left) and o*(C-H.s,) (right) in the small model jii of (-)-(M,R,R)-2. The
isosurface value is 0.1 a.u.

Overlap of LMO densities
The overlap integral between two molecular orbitals is zero due to their orthogonality. Therefore, as

a measure of the overlap between two LMOs we use the overlap of their densities defined as follows
(ref.?3):

Q= ff <P%(771)5(F1‘F2)€0?(772)d‘/1dv2 = f‘P?G)‘P?(?)dV

Here ¢; and ¢; are localized molecular orbitals. If we consider two electrons occupying molecular

orbitals ¢; and ¢, as independent particles, the integrand represents the probability of finding them
in the same element of volume.
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Fig. S24. Overlap of densities for selected LMO pairs in (-)-(M,R,R)-2 as the function of the distance
between H.p, and Cgg/1;. The pairs contributing to the primary pathway are marked blue and to the
secondary pathway —red.

Among the LMO pairs contributing to the primary pathway in (-)-(M,R,R)-2, the largest overlap is
provided by C—Hgg/11 - 0*(C-H,,) (full blue circles in Fig. S22). The next one is by C-H.g, - 6*(C-Hgg/11)
(full blue triangles). Both overlaps became smaller for larger distances. However, the dependences
are not monotonous because the overlap depends not only on the distance but also on the mutual
orientation of the involved orbitals and the latter was not taken into account.

Pairs contributing to the secondary pathway are marked red. The largest overlap comes from the
antibonding o*(C—Hg,) with Cgg/1;—C single and double bonds. All three are almost of similar
magnitude; the overlap with o(C=C) is slightly larger than with m(C=C). In order to make the plot less
crowded, we combined the data for o(C=C) and m(C=C) and show the overlap of their combined
density with the 0*(C—H.g,) density (full red squares).

For distances shorter than 3 A, the overlap of 0*(C—H,s,) with double Cgy1;=C bonds (full red
squares) is larger than the C—Hgg/1; — 0*(C-H;5,) overlap (full blue circles), and the empty red squares
showing the o*(C-H,s,) — o(C-C) overlap are slightly above the blue tringles for C-H,g, — o*(C—
Hgo/11). Therefore, one can expect that for shorter distances the secondary pathway should be
dominating. Since the primary pathway is likely to give a positive contribution to J(H-H) (based on its
similarity with the pathways for couplings via the overlap of lone pairs) and the J values for shorter
distances are negative, it is reasonable to assume that the secondary pathway gives a negative
contribution. Please note the two full red squares at the medium distances of 3.19 A and 3.35 A
displaying a larger than average overlap of 0*(C—H,5,) with the C=C bond. As a consequence, for the
same distances two red circles representing the J values for Hgg in Fig. 6 in the manuscript and Fig.
S13 in ESI drop below the general trend due the negative contribution from the secondary pathway.

When the distance is increasing, the overlaps contributing to the secondary pathway diminish on
the average faster than those contributing to the primary pathway, making both pathways
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approximately equally important. As a result, the J values for medium distances are close to zero. For
distances longer than 3.4 A all discussed overlaps become smaller and almost equal to each other.
The importance of a particular pair of LMOs for the spin-spin coupling pathway is defined not only by
their overlap but also by the value of the corresponding element in the CDD matrix, which reflects
the sensitivity of this pair of orbitals to the FC interaction. The elements corresponding to C—Hpgg1; —
0*(C-H;p,) and C—H;p, — 0*(C—Hgg/11) are always larger than the elements contributing to the
secondary pathway because for the former both orbitals in each pair include a coupled proton. One
of the largest elements of the CDD matrix corresponds to the cross-term between the occupied
orbitals representing the C—H,p, and C—Hgg/1; bonds. However, the importance of this pair for the
coupling pathway is relatively low because of their small overlap (see Fig. S15). Therefore, we have to
take into account both factors. The elements of the CDD matrix corresponding to the most
important LMO pairs are shown in Table S6. The data are obtained for the model structure iii
employed for visualization of the coupling pathways. They correspond to three couplings with
different H,p,~Cgo/11 distances: short (2.976 A), medium (3.142 A) and long (3.278 A). The first two
rows show the most important elements for the primary pathway and the last three to the secondary
one.

Table S8. Selected elements of the CDD matrix corresponding to the most important LMO pairs for
the TSC in (-)-(M,R,R)-2.

LMO pair R=2.976 A R=3.142 A R=3.278 A
0*(C—Hy.p,) — C—Hgo/11 -0.00560 0.00867 0.00528
0*(C—Hgo/11) — (C—He.50) 0.00409 0.00680 -0.00430
0*(C—H.54) — (C=C) 0.00097 -0.00198 -0.00109
0*(C—H8u) — 06(C=C) -0.00010 -0.00153 -0.00040
0*(C—H¢.8u) — (Cgo/1:—C ) -0.00131 -0.00142 -0.00127

In the considered examples, all CDD elements for the medium distance are moderately larger than
their counterparts for the short distance. For the longest distance, all elements decrease in the
absolute values, but the elements corresponding to o*(C—H.g,) — m(C=C) and o*(C-H.g.,) — o(C=C)
diminish stronger. These elements correspond to the LMO two pairs mainly responsible for the
secondary pathway. Therefore, it is reasonable to say that for long distances the primary pathway is
dominating. This explains the positive sign of the couplings for long distances.
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'H and 3C NMR spectra of (-)-(M,R,R)-2, (+)-(R)-3, 4, (-)-(R)-5, (-)-(R,R)-7, 10, 11, 13 and (+)-

(R)-14.
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