Experimental Supporting Information
General information: All reactions were performed under an argon atmosphere with stirring, unless
otherwise noted. Bisoxazoline ligand 4,5-dihydro-2-(2-(4,5-dihydrooxazol-2-yl)propan-2-yl)oxazole,
(achiral box) used to generate racemic samples for HPLC analysis, was synthesized using our previously
reported procedure.’ The 1,1-diphenylethylene 13a was purchased from Aldrich and used without further
purification. The 4,4'-(ethene-1,1-diyl)bis(methoxybenzene) 13b, 4,4'-(ethene-1,1-
diyl)bis(fluorobenzene) 13c, 3-methylene-2,3-dihydrobenzofuran 25 and 2-ethyl-3-methylene-1-
tosylindoline 27 alkene acceptors were synthesized according to a previously reported procedures.2 The
MnO, used was obtained from Aldrich as an activated, <5 um powder of 85% purity and used out of the
bottle as supplied. All other reagents were purchased from Aldrich, Acros or Strem. Solvents were
purified using a solvent filtration system purchased from Contour Glass Co (Irvine, California). PhCF;
was purchased from Acros and distilled from CaH, prior to use. "H NMR spectra were recorded at 300,
400 or 500 MHz using Varian instruments. *C NMR data were recorded at 75 MHz. Coupling constants
(J) are in hertz. Abbreviations used are s = singlet, d = doublet, t = triplet, m = multiplet, ABq = AB
quartet, AX = AX quartet and br = broad. IR spectra were taken neat using a Nicolet-Impact 420 FTIR.
Wave numbers in cm™ are reported for characteristic peaks. High resolution mass spectra were obtained
at SUNY, Buffalo’s mass spec. facility on a ThermoFinnigan MAT XL spectrometer. Melting points
were obtained on an electrothermal melting point apparatus and are reported uncorrected. X-ray structures
were obtained at the X-ray crystallographic facilities at the University of Rochester. Optical rotations
were obtained using a Rudolph Autopol I Polarimeter fitted with a micro cell with a 1 dm path length.
Enantiomeric excess was determined by high performance liquid chromatography (HPLC) using

Chiralpak AD-RH or Regis (S, S)-Whelk chiral analytical column (UV detection at 254nm).

Synthesis of substrates:
Substrates 1a, 1b, 3, 5, 7, 9, 17, 20 and 22 were synthesized as previously reported.3’4’5 Ethyl

cyclopentane carboxylate was synthesized as previously reported.® Substrate 15 was synthesized via the



following route, adapted from a previously reported procedure’, starting from the commercially available

cyclopentane carboxylic acid:

0o LDA (1.2 equiv) .
@)4 cat. HQSO4 Q)L allylBr (1. Oequw) OQ/ LiAIH,4
EtOH A, 5h THF, -78 °C—t, 24 h O THF, 0°Co, 24 h

ethyl

cyclogent?ne quant. cyclopentane 75% 49%
Cara;)éy Ic carboxylate

(1-Allylcyclopentyl)methanol (15)

Ethyl cyclopentane carboxylate was obtained via the previously reported method®: Cyclopentane
carboxylic acid (2.85 mL, 3.00 g, 26.3 mmol) was dissolved in absolute ethanol (14 mL) at room
temperature. To this mixture was added conc. sulfuric acid (0.33 mL) and then the reaction was refluxed
for 5 hours. The reaction mixture was allowed to cool to room temperature and then excess ethanol was
removed under reduced pressure and the remaining oil was slowly poured over crushed ice with stirring.
The ester separated from the mixture as an oil and was isolated with a separatory funnel. The aqueous
layer was then extracted with chloroform (2 x 20 mL). The combined organic layers were washed with
water, sat. sodium bicarbonate and water (1 x 50 mL each). The combined organics were dried over
anhydrous magnesium sulfate. Removal of solvents gave ethyl cyclopentane carboxylate quantitatively
as a pale yellow, sweetly fragrant, volatile oil.

Adapted from a previous reported procedure’: Diisopropylamine (4.46 mL, 31.6 mmol, 1.2 equiv) was
dissolved in THF (26 mL) at room temperature before placing the flask in a -78 °C bath. After stirring
the mixture for 10 minutes 1.6 M "BuLi (19.7 mL, 31.5 mmol, 1.2 equiv) was added dropwise via syringe
to the reaction mixture. After stirring the mixture for an additional 30 minutes ethyl cyclopentane
carboxylate (3.74 g, 26.3 mmol, 1.0 equiv) was added dropwise via syringe. After stirring the mixture for
an additional 30 minutes, allylbromide (2.29 mL, 26.3 mmol, 1.0 equiv) was added dropwise via syringe.
The reaction mixture was then left to come to room temperature and stir overnight. The reaction was then
quenched by the slow addition of sat. ammonium chloride solution (25 mL) and the organic layer was
separated. The organics were then dried over anhydrous magnesium sulfate and the solvent removed in

vacuo to give S1 (3.59 g) in 75% crude yield as a clear oil.



Lithium aluminum hydride (2.10 g, 55.3 mmol, 2.8 equiv) was added in five portions to a solution of S1
(3.59 g, 19.7 mmol, 1 equiv) in THF (105 mL) at 0 °C. The mixture was then stirred and allowed to
come to room temperature overnight. The reaction was quenched with sat. ammonium chloride and the
mixture was extracted with ethyl acetate (3 x 50 mL). The combined organics were dried over anhydrous
magnesium sulfate and after filtration the solvents were removed in vacuo to give an oily residue which,
when subjected to flash chromatography using hexanes-EtOAc 83 : 17, gave the pentenol 15 (1.36 g) in
49% yield as a clear oil. 'H NMR (300 MHz, CDCl3) & 5.95-5.77 (m, 1H), 5.12-5.03 (m, 2H), 3.40 (s,
2H), 2.16 (d, J = 6.9 Hz, 2H), 1.64-1.39 (m, 8H); °*C NMR (75 MHz, CDCl3) & 136.2, 116.9, 69.0, 47.2,
42.0,34.1,25.2; IR (neat): 3361, 3075, 2951, 2868, 1639, 1453, 1039, 994, 912 cm™'; LRMS (CI) calc'd

for [M-OH]+ CoHys: 123.2, found 123.2.

Representative procedure for the Cu(OTf),-catalyzed enantioselective intramolecular
carboetherification:

o Cu(OTf), (20 mol%)

Ph (S,S)-'BuBox (25 mol%) Ph_
K2CO3, Mn02 :'
Ph —  4A mol. sieves th
pr/ OH PhCF3, 100 °C, 24 h PH O
la 2a

(3aR,9aR)-3a-Benzyl-2,2-diphenyl-2,3,3a,4,9,9a-hexahydronaphtho[2,3-b]furan (2a)

*Excess moisture can adversely affect the enantioselectivity of these reactions. Care should be taken to
maintain anhydrous conditions. Cu(OTf), should either be obtained from a glove box or lightly flame
dried under vacuum before use. Cu(OTf), (9.4 mg, 0.026 mmol, 20 mol %) and (S,S)-'Bu-Box ligand
(9.6 mg, 0.033 mmol, 25 mol %) were placed in a 12 mL glass reaction tube with a stir bar and PhCF;
(1.0 mL). The tube was then flushed with argon, capped and stirred at 60 °C for 2 h. The reaction
mixture was allowed to cool to room temperature before K,COs (18.1 mg, 0.131 mmol, 1 equiv) and
MnO; (33.9 mg, 0.390 mmol, 3 equiv) were added. Alcohol 1la (54.4 mg, 0.130 mmol) dissolved in
PhCF; (0.30 mL) was then added to the mixture followed by flame activated 4A mol. sieves (~30 mg).

The tube was flushed with argon again, capped and stirred at 100 °C for 24 h. The reaction was then



allowed to cool to room temperature before being diluted with EtOAc (3 mL) and filtered through a pad
of Celite (~5 g). The Celite was then rinsed with EtOAc (3 x 30 mL) and the combined filtrate was
concentrated in vacuo. The residue was purified by prep TLC (SiO,, 9 : 1 hexanes/Et,0) to afford 51 mg
(95% yield) of 2a as a clear oil. *The same procedure is followed using the 4,5-dihydro-2-(2-(4,5-
dihydrooxazol-2-yl)propan-2-yl)oxazole (achiral box), in order to generate racemic products used for
analytical HPLC analysis. 'H NMR data matched that previously reported by Chemler.” 'H NMR (400
MHz, CDCls) 6 7.65 (d, J = 7.6 Hz, 2H), 7.47 (t, J = 7.2 Hz, 2H), 7.35-7.20 (m, 7H), 7.10-7.04 (m, 3H),
7.03-6.99 (m, 3H), 6.70-6.67 (m, 2H), 4.40-4.38 (m, 1H), 3.13 (dd, J = 15.0, 3.2 Hz, 1H), 2.97 (dd, J =
13.2,2.0 Hz, 1H), 2.73 (dd, J = 15.2, 3.2 Hz, 1H), 2.63 (d, J = 12.8 Hz, 1H), 2.48-2.44 (m, 2H), 2.38 (dd,
J =13.6, 1.6 Hz, 1H), 2.01 (d, J = 12.8 Hz, 1H); [a]p"’ = 98.9° (¢ = 0.14, CHCL); ee = >95%,
determined by HPLC analysis [Chiralpak AD-RH, 57 : 43 MeCN/H,0, 0.20 mL/min, A = 254 nm,

t(major) = 138.65 min, t(minor) = 153.09 min].

(3aR,9aR)-7-Chloro-3a-(4-chlorobenzyl)-2,2-diphenyl-2,3,3a,4,9,9a-hexahydronaphtho[2,3-b]furan

(2b)
ol '"H NMR data matched that previously reported by Chemler.’
CI4©7/"’ Tetrahydronaphthofuran 2b was purified by flash chromatography
™" PhO (2b) (SiO,, 100 : 0 - 80 : 20 gradient hexanes/EtOAc) to give (47 mg)

obtained from the catalytic carboetherification of 1b as a white solid (95% yield), mp 137-139 °C. 'H
NMR (400 MHz, CDCls) 8 7.60 (dd, J = 8.4, 1.6 Hz, 2H), 7.44 (t, J = 7.6 Hz, 2H), 7.33 (d, J = 7.2 Hz,
1H), 7.28-7.23 (m, 3H), 7.19 (dd, J = 8.4, 2.4 Hz, 1H), 7.07-7.04 (m, 3H), 6.99-6.96 (m, 3H), 6.75-6.72
(m, 2H), 4.34 (t, J = 3.6 Hz, 1H), 3.10 (dd, J=15.2, 3.2 Hz, 1H), 2.90 (d, J = 13.2 Hz, 1H), 2.66 (dd, J =
15.2, 3.2 Hz, 1H), 2.46 (ABq, Jas = 14.0, Av = 29.5 Hz, 2H), 2.38 (ABq, Jas = 13.2, Av = 23.9 Hz, 2H),
1.99 (d, J = 13.2 Hz, 1H); [a]p"’ = 112.1° (c = 0.43, CHCL3); ee = >95%, determined by HPLC analysis
[Chiralpak AD-RH, 62 : 38 MeCN/H,0, 0.20 mL/min, A = 254 nm, t(major) = 178.78 min, t(minor) =

197.52 min].



The X-ray crystal structure of 2b (CCDC 985356) was used to establish 3aR, 9aR stereochemistry (C32
and C33 below, respectively). The structure was obtained by William W. Brennessel at the

Crystallographic Facility at the University of Rochester.

(3aR,9aR)-3a-Benzyl-2,3,3a,4,9,9a-hexahydronaphtho[2,3-b]furan (4)
Tetrahydronaphthofuran 4 was purified by flash chromatography (SiO,, 100 : 0 - 80 :
20 gradient hexanes/EtOAc) to give (28 mg) obtained from the -catalytic
carboetherification of 3 as a clear oil (71% yield). '"H NMR data matched that
previously reported by Chemler.” "H NMR (400 MHz, CDCls) § 7.35-7.07 (m, 9H), 4.12 (t, J = 4.4 Hz,
1H), 3.68-3.58 (m, 2H), 2.89 (dd, J = 15.2, 4.0 Hz, 1H), 2.80-2.69 (m, 3H), 2.57 (ABq, Jag = 14.8, Av =
52.8 Hz, 2H), 2.05-1.99 (m, 1H), 1.50-1.42 (m, 1H); [o]p"° = 7.3° (c = 0.55, CHCL); ee = 70%,
determined by HPLC analysis [Regis (S, S)-Whelk, 95 : 5 Hex./iPrOH, 1.00 mL/min, A = 254 nm,

t(major) = 4.57 min, t(minor) = 3.97 min].



(1S,4R)-7-Chloro-1-(4-chlorophenyl)-1,2,4,5-tetrahydro-1,4-methanobenzo[d]oxepine (6)
Cl Tetrahydrofuran 6 was purified by Prep TLC (SiO;, 100 : 0 - 90 : 10 gradient
N hexanes/EtOAc) to give (34 mg) obtained from the catalytic carboetherification of
\Q"" 5 (reaction run at 120 °C) as a white solid (77% yield), mp 121-123 °C. '"H NMR
© 0 data matched that previously reported by Chemler.” '"H NMR (400 MHz, CDCls)
0 7.38 (d, J = 8.8 Hz, 2H), 7.17-7.12 (m, 3H), 6.92 (dd, J = 8.4, 2.4 Hz, 1H), 6.40 (d, J = 8.4 Hz, 1H),
4.81-4.78 (m, 1H), 4.26 (ABq, Jag = 7.2, Av = 43.0 Hz, 2H), 3.09 (s, 2H), 2.47 (d, J=10.8 Hz, 1H), 2.33
(dd, J=11.6, 6.8 Hz, 1H); [a]p'”° =-64.8° (c = 0.50, CHCl;). ee = 82%, determined by HPLC analysis

[Regis (S, S)-Whelk, 95 : 5 Hex./'PrOH, 1.00 mL/min, » = 254 nm, t(major) = 6.35 min, t(minor) = 5.53

min].

(1S,4R)-4-Methyl-1-phenyl-1,2,4,5-tetrahydro-1,4-methanobenzo[d]oxepine (8)
Tetrahydrofuran 8 was purified by Prep TLC (SiO,, 100 : 0 - 90 : 10 gradient

Phi.. hexanes/EtOAc) to give (36 mg) obtained from the catalytic carboetherification of 7

‘r
/v,

®)
matched that previously reported by Chemler.” '"H NMR (400 MHz, CDCls) & 7.43-7.39 (m, 2H), 7.36-

o (reaction run at 120 °C) as a white solid (99% yield), mp 126-128 °C. 'H NMR data
7.31 (m, 1H), 7.24-7.19 (m, 2H), 7.15-7.11 (m, 2H), 6.98-6.94 (m, 1H), 6.51 (d, J = 8.0 Hz, 1H), 4.34
(ABq, Jag = 7.2, Av = 12.5 Hz, 2H), 3.10 (s, 2H), 2.38 (AXq, Jax = 10.8, Av = 143.6 Hz, 2H), 1.55 (s,
3H); [a]p'”* =-70.5° (c = 0.91, CHCl;); ee = 84%, determined by HPLC analysis [Chiralpak AD-RH,

75 : 25 MeCN/H,0, 1.00 mL/min, A = 254 nm, t(major) = 4.65 min, t(minor) = 6.53 min].

(1S,4S,5S)-5-Methyl-1-phenyl-1,2,4,5-tetrahydro-1,4-methanobenzo[d]oxepine (10)
Tetrahydrofurans 10 and 11 were purified by Prep TLC (SiO,, 95 : 5 hexanes/Et,0) to give (37 mg)
obtained from the catalytic carboetherification of 9 (reaction run at 120 °C) as a clear oil [96% yield, 10 :

11 (1 : 1)]. They were separated by prep HPLC using 98 : 2 Hex./EtOAc (10 eluted first) and 10 was a



white crystalline solid, mp 179-181 °C. 'H NMR data matched that previously reported

Phi.. by Chemler.” "H NMR (400 MHz, CDCls) § 7.42-7.27 (m, 4H), 7.24-7.21 (m, 2H), 7.16

0(1';;'| (td,J=7.2,1.6 Hz, 1H), 6.95 (t,J = 8 Hz, 1H), 6.47 (dd, J = 8.0, 1.6 Hz, 1H), 4.51 (dd, J
=6.4,2.4 Hz, 1H), 4.30 (ABq, Jag = 6.8, Av=20.1 Hz, 2H), 3.16-3.11 (m, 1H), 2.58 (d, J = 10.8 Hz, 1H),
241 (dd, J=11.2, 6.4 Hz, 1H), 1.46 (d, J = 7.2 Hz, 3H); [o]p"’ = -36.1° (c = 0.19, CHCl;); ee = 94%,
determined by HPLC analysis [Regis (S, S)-Whelk, 98 : 2 Hex./PrOH, 0.20 mL/min, A = 254 nm,
t(major) = 25.74 min, t(minor) = 23.91 min]. The relative stereochemistry of 10 was assigned by NOE

and process of elimination (it was not 11). Saturation of Ha revealed a strong enhancement of Hb but

also a weak enhancement of Hd.

(1S,4S,5R)-5-Methyl-1-phenyl-1,2,4,5-tetrahydro-1,4-methanobenzo[d]oxepine (11)
Tetrahydrofuran 11 was obtained as a clear oil. 'H NMR data matched that previously
. ~ reported by Chemler.” "H NMR (400 MHz, CDCl3) & 7.43-7.31 (m, 4H), 7.25-7.20 (m,
I' “y  2H), 7.15 (td, J = 7.2, 1.2 Hz, 1H), 6.95 (t, J = 8.4 Hz, 1H), 6.48 (d, J = 8.0 Hz, 1H),
o 4.50 (dd, J= 6.4,2.8 Hz, 1H), 4.26 (ABq, Jas = 7.2, Av = 14.74 Hz, 2H), 3.19-3.14 (m,
1H), 2.61 (d, J = 11.6 Hz, 1H), 2.20 (dd, J = 11.2, 6.8 Hz, 1H), 1.31 (d, J = 6.8 Hz, 3H); [o]p™"’ = -
30.7° (c = 0.29, CHCI3); ee = 94%, determined by HPLC analysis [Regis (S, S)-Whelk, 95 : 5
Hex./PrOH, 1.00 mL/min, A = 254 nm, t(major) = 7.26 min, t(minor) = 5.22 min]. The relative

stereochemistry of 11 was assigned by NOE. Saturation of Ha on diastereomer Il11-11 showed strong

enhancements of Hb and Hd but no enhancement of Hd.



Representative procedure for the Cu(OTf),-catalyzed enantioselective intermolecular

carboetherification:

Cu(OTF), (20 mol%)
(S,S)-'BuBox (25 mol%)

Ph
K2CO3, Mn02 —
OC% 4A mol. sieves _ Ph
OH

PhCF3, 100 °C, 16 h O (1)

(15) JL

Ph
13a

Ph

(R)-3-(3,3-Diphenylallyl)-2-oxaspiro[4.4]nonane (16)

*Excess moisture can adversely affect the enantioselectivity of these reactions. Care should be taken to
maintain anhydrous conditions. Cu(OTf), should either be obtained from a glove box or lightly flame
dried under vacuum before use. Cu(OTf), (25.0 mg, 0.069 mmol, 20 mol %) and (S,S)-'Bu-Box ligand
(25.7 mg, 0.087 mmol, 25 mol %) were placed in a 12 mL glass reaction tube equipped with a stir bar.
The mixture was dissolved in PhCF; (1.5 mL) and the tube was flushed with argon and capped. The
mixture was stirred at 60 °C for 2 h then allowed to cool to room temperature. K,CO3 (47.3 mg, 0.342
mmol, 1 equiv), MnO; (90.1 mg, 1.03 mmol, 3 equiv) and 1,1-diphenylethylene 13a (183 pL, 1.03 mmol,
3 equiv) were added to the reaction mixture. Alcohol 15 (48.3 mg, 0.342 mmol) was dissolved in PhCF;
(0.5 mL) and added to the tube followed by additional PhCF3 (1.4 mL). Flame-dried 4A mol. sieves (~70
mg) were added directly to the tube while still hot. The tube was flushed with argon and capped and the
reaction mixture was stirred at 100 °C for 16 h. The reaction was then allowed to cool to room
temperature before being diluted with EtOAc (3 mL) and vacuum filtered through a pad of Celite (~5 g).

The Celite was then rinsed with EtOAc (3 x 30 mL) and the combined filtrate was concentrated in vacuo.



The residue was purified by Prep TLC (SiO,, 92 : 8 hexanes/EtOAc) to give (41 mg) of 16 as a pale
yellow oil (90% yield). [a]p'"° = -8.5° (c = 0.56, CHCls); ee = 82%, determined by HPLC analysis
[Chiralpak AD-RH, 60 : 40 MeCN/H,0, 0.75 mL/min, A = 254 nm, t(major) = 33.07 min, t(minor) =
29.39 min]; "H NMR (400 MHz, CDCl3) & 7.38-7.33 (m, 2H), 7.32-7.30 (m, 1H), 7.26-7.17 (m, 7H), 6.14
(t, J=7.6 Hz, 1H), 4.09-4.02 (m, 1H), 3.58 (ABq, Jas = 8.0, Av = 30.2 Hz, 2H), 2.45 (dt, J = 7.2, 6.8 Hz,
1H), 2.33 (dt, J = 7.6, 6.0 Hz, 1H), 1.88 (dd, J = 12, 6.4 Hz, 1H), 1.66-1.43 (m, 9H); °C NMR (75 MHz,
CDCl3) & 143.2, 142.6, 140.0, 129.9, 128.2, 128.0, 127.2, 126.9, 125.6, 79.1, 78.6, 50.9, 44.8, 37.6, 36.7,
36.2, 24.7; IR (neat): 3056, 3024, 2950, 2859, 1599, 1494, 1444, 1362, 1052, 760 cm’'; HRMS (EI)

calc'd for [M']+ Cy3H60: 318.1986, found 318.1978.

Cu(OTf), (20 mol%)
(S,S)-'BuBox (25 mol%) Ph

K2C03, Mn02 —
E\: 4A mol. sieves - S5 Ph

PhCF3, 100 °C, 16 h

Ph Ph
13a

(S)-2-(3,3-Diphenylallyl)tetrahydrofuran (14)

The reaction followed the same procedure as above except this reaction was run at 0.08 M with respect to
substrate, as opposed to the 0.1 M, in order to eliminate an undesired side product. Upon scale-up to
0.526 mmol of substrate this side product is unavoidable. The residue was purified by flash
chromatography (SiO,, 100 : 0 - 90 : 10 gradient hexanes/Et,O) to afford 35 mg (92% yield) of 14 as a
pale yellow oil.  [a]p'®" =-7.4° (c = 0.39, CHCL3); ee = 82%, determined by HPLC analysis [Chiralpak
AD-RH, 60 : 40 MeCN/H0, 0.75 mL/min, A = 254 nm, t(major) = 13.71 min, t(minor) = 12.69 min]; '"H
NMR (400 MHz, CDCl3) 6 7.37 (t, J = 7.2 Hz, 2H), 7.32-7.27 (m, 1H), 7.25-7.18 (m, 7H), 6.16 (t, J=7.6
Hz, 1H), 3.97-3.83 (m, 2H), 3.73 (td, J = 7.0, 6.8 Hz, 1H), 2.42 (dt, J = 7.2, 6.8 Hz, 1H), 2.35-2.28 (m,
1H), 2.01-1.93 (m, 1H), 1.89-1.82 (m, 1H), 1.54-1.45 (m, 1H); °C NMR (75 MHz, CDCl;) & 143.2,

142.6, 140.1, 129.9, 128.2, 128.0, 127.3, 126.9, 125.7, 79.0, 67.8, 35.8, 30.9, 25.7; IR (neat): 3040, 3012,



2968, 2850, 1495, 1442, 1361, 1076, 759 cm™; HRMS (EI) calc'd for [M]" CjoHyO: 264.1516, found

264.1509.

(S)-5-(3,3-Diphenylallyl)-2,2-diphenyltetrahydrofuran (18a)
ph Tetrahydrofuran 18a was purified by flash chromatography (SiO,, 100 : 0-90 : 10

Ph Ph gradient hexanes/Et;0) to give (55 mg) obtained from the catalytic

i © (18a) . . . 190
carboetherification of 17 and 13a as a clear oil (90% yield). [a]p —~ = 8.2° (Cc =

0.54, CHCL); ee = >95%, determined by HPLC analysis [Chiralpak AD-RH, 80 : 20 to 90 : 10 gradient
MeOH/H,0, 0.10 mL/min, A = 254 nm, t(major) = 229.49 min, t(minor) = 225.11 min]; 'H NMR (400
MHz, CDCls) 6 7.46-7.40 (m, 4H), 7.36-7.14 (m, 16H), 6.22 (t, J = 7.2 Hz, 1H), 4.26-4.20 (m, 1H), 2.65-
2.40 (m, 4H), 2.01-1.92 (m, 1H), 1.72-1.63 (m, 1H); >C NMR (75 MHz, CDCls) & 147.1, 146.7, 143.1,
142.7, 140.1, 130.0, 128.2, 128.1, 128.0, 127.9, 127.3, 126.9, 126.6, 126.5, 125.8, 88.1, 78.7, 38.8, 36.3,
30.9; IR (neat): 3056, 3024, 2965, 1598, 1493, 1446, 1362, 1228, 1053, 915, 885, 759 cm™'; HRMS (EI)

calc'd for [M']+ C31H230: 416.2139, found 416.2135.

(R)-4,4-Bis(4-chlorophenyl)-2-(3,3-diphenylallyl)tetrahydrofuran (19)

Tetrahydrofuran 19 was purified by flash chromatography (SiO,, 100 : 0 -

Cl
O 80 : 20 gradient hexanes/EtOAc) to give (53 mg) obtained from the
_ Ph catalytic carboetherification of 5 and 13a as a pale orange oil (80% yield).
Ph
cl O J o) [a]p'?® = -29.9° (¢ = 0.57, CHCl3); ee = 80%, determined by HPLC

analysis [Chiralpak AD-RH, 80 : 20 MeCN/H,O, 1.00 mL/min, A = 254 nm, t(major) = 19.49 min,
t(minor) = 13.81 min]; 'H NMR (300 MHz, CDCl3) & 7.36-7.30 (m, 3H), 7.27-7.13 (m, 13H), 7.07 (d, J
=9.0 Hz, 2H), 6.09 (t,J = 7.8 Hz, 1H), 4.27 (AXq, Jax = 9.0, Av = 122 Hz, 2H), 4.19-4.08 (m, 1H), 2.58-
2.35 (m, 3H), 2.26 (dd, J = 16.4, 12.4 Hz, 1H); °C NMR (75 MHz, CDCl3) § 144.3, 143.8, 142.3, 139.8,

132.5,132.3,129.8, 128.8, 128.7, 128.5, 128.4, 128.3, 128.2, 128.1, 127.2, 127.1, 127.0, 124.7, 78.5, 55.3,



44.2,36.0,29.7; IR (neat): 3058, 3021, 2958, 2922, 2854, 1598, 1494, 1445, 1261, 1095, 1013, 820 cm';

HRMS (EI) calc'd for [M]" C3;Ha6Cl,0: 484.1333, found 484.1355.

(S)-5-(3,3-Diphenylallyl)-2,2-dimethyltetrahydrofuran (21)
pn Tetrahydrofuran 21 was purified by flash chromatography (SiO,, 95: 5 isochratic
7E>—/_<Ph hexanes/ether) to give (62 mg) obtained from the catalytic carboetherification of 20
° @) and 13a as a colorless oil (84% yield). [a]p™ = -21.74° (¢ = 1.0, CHCL); ee = 96%,
determined by HPLC [Chiralpak AD-RH, 60 : 40 CH3CN/H,0, 0.5 mL/min, A = 254 nm, t(major) =
22.96 min, t(minor) = 21.41 min]; '"H NMR (400 MHz, CDCls): & 7.38-7.19 (m, 10H), 6.16 (t, ] = 7.6 Hz,
1H), 4.10-4.04 (m, 1H), 2.49-2.42 (m, 1H), 2.34-2.26 (m, 1H), 2.05-1.98 (m, 1H), 1.74-1.60 (m, 3H),
1.25 (s, 3H), 1.24 (s, 3H); °C NMR (75 Hz, CDCly): & 143.1, 142.7, 140.1, 129.9, 128.1, 128.0, 127.2,
126.9, 125.6, 80.6, 78.2, 38.5, 36.5, 31.4, 29.2, 28.1; IR (neat): 3055, 3024, 2966, 1494, 1444, 1364, 1144,

1073, 760, 700 cm™; HRMS (EI) calcd for [M]" CyH240: 292.1822, found: 292.1826.

(2S,5S)-2-(But-3-en-1-yl)-5-(3,3-diphenylallyl)tetrahydrofuran (23)
pn Tetrahydrofurans 23 and 24 were purified by Prep TLC (SiO2, 100 : 0 to 95 :
,“_O{<Ph 5 gradient hexanes/EtOAc) to give (42 mg) obtained from the catalytic
/\/ o carboetherification of 22 and 13a as a clear oil [90% yield, 23 : 24 (6 : 1)].
They were separated by prep HPLC using 98 : 2 Hex./EtOAc (23 eluted first). [a]p”"' =-9.9° (c = 0.28,
CHCIl3); ee = 86%, determined by HPLC analysis [Chiralpak AD-RH, 60 : 10 MeCN/H,0, 0.75 mL/min,
A = 254 nm, t(major) = 25.31 min, t(minor) = 21.43 min]; 'H NMR (400 MHz, CDCls) 6 7.38-7.28 (m,
4H), 7.25-7.17 (m, 6H), 6.13 (t, J = 7.6 Hz, 1H), 5.89-5.78 (m, 1H), 5.02 (d, J =17.2 Hz, 1H), 4.95 (d, J
=12.4 Hz, 1H), 4.10-4.03 (m, 1H), 3.96-3.89 (m, 1H), 2.42 (dt, J = 6.8, 6.4 Hz, 1H), 2.28 (dt, J= 6.8, 6.4
Hz, 1H), 2.17-1.96 (m, 4H), 1.75-1.63 (m, 1H), 1.56-1.44 (m, 3H); °C NMR (75 MHz, CDCl;) & 143.2,
142.7, 140.1, 138.5, 129.9, 128.2, 128.0, 127.3, 126.9, 125.7, 114.4, 78.4, 78.3, 36.1, 35.1, 31.9, 31.6,

30.5; IR (neat): 3057, 3022, 2928, 2857, 1491, 1438, 1361, 1071, 907, 755 cm™'; HRMS (EI) calc'd for



[M]" Ca3Hy0: 318.1978, found 318.1978. The relative stereochemistry of 23 was assigned by process of

elimination (it was not 24).

(2R,5S)-2-(But-3-en-1-yl)-5-(3,3-diphenylallyl)tetrahydrofuran (24)

Ph Tetrahydrofuran 24 was obtained as a clear oil. [a]p”? = -2.6° (c = 0.16,
/\/\E>—/:<ph CHCL). ee = 97%, determined by HPLC analysis [Chiralpak AD-RH, 60 :
4 c @ . . o

40 MeCN/H;0, 0.75 mL/min, A = 254 nm, t(major) = 21.61 min, t(minor) =
23.11 min]; '"H NMR (400 MHz, CDCl3) & 7.38-7.34 (m, 2H), 7.36-7.29 (m, 2H), 7.25-7.18 (m, 6H),
6.14 (t,J=7.2 Hz, 1H), 5.88-5.79 (m, 1H), 5.02 (d, J = 17.2 Hz, 1H), 4.95 (d, J = 8.0 Hz, 1H), 3.96-3.90
(m, 1H), 3.86-3.81 (m, 1H), 2.43 (dt, J = 6.8, 6.4 Hz, 1H), 2.31 (dt, J = 7.2, 6.4 Hz, 1H), 2.17-1.90 (m,
4H), 1.72-1.65 (m, 1H), 1.56-1.44 (m, 4H); °C NMR (75 MHz, CDCl3) & 143.2, 142.7, 140.1, 138.6,
130.0, 128.2, 128.0, 127.3, 126.9, 125.7, 114.4, 110.0, 78.9, 78.8, 36.2, 35.3, 31.0, 30.5, 29.8; IR (neat):
3062, 3025, 2916, 2856, 1495, 1446, 1367, 1078, 998, 907, 755 cm™'; HRMS (EI) calc'd for [M]"
C23H260: 318.1978, found 318.1973. The relative stereochemistry of 24 was assigned by NOE. In the
first experiment, saturation of Hy showed strong enhancements of H¢ and Hp. In a second experiment,
saturation of Hc revealed a strong enhancement of H,, a weak enhancement of Hg, but no enhancement of

Hp. This data has led to our support of this structure for 24.




(S)-5-(3,3-Bis(4-methoxyphenyl)allyl)-2,2-diphenyltetrahydrofuran (18b)
OMe Tetrahydrofuran 18b was purified by flash chromatography (SiO,, 100 : 0 -
80 : 20 gradient hexanes/EtOAc) to give (60 mg) obtained from the catalytic

carboetherification of 17 and 13Db as a pale yellow oil (88% yield). [a]p"’ =
Ph
O

(18b) 4.6° (c = 0.85, CHCl3); ee =>95%, determined by HPLC analysis [Chiralpak

OMe AD-RH, 65 : 35 MeCN/H;0, 0.20 mL/min, A = 254 nm, t(major) = 77.01 min,

t(minor) = 73.07 min]; 'H NMR (400 MHz, CDCls) § 7.44 (td, J = 9.6, 1.2 Hz, 4H), 7.31-7.16 (m, 6H),
7.13-7.08 (m, 4H), 6.88 (d, J = 9.6 Hz, 2H), 6.79 (d, J = 10 Hz, 2H), 6.07 (t, J = 6.8 Hz, 1H), 4.26-4.18
(m, 1H), 3.83 (s, 3H), 3.79 (s, 3H), 2.67-2.38 (m, 4H), 2.02-1.93 (m, 1H), 1.72-1.63 (m, 1H); *C NMR
(75 MHz, CDCly) & 158.7, 158.5, 147.1, 146.7, 142.2, 135.8, 132.6, 131.1, 128.4, 128.1, 127.9, 126.5,
125.9, 123.84, 113.5, 113.4, 88.1, 78.9, 55.2, 38.8, 36.3, 30.9; IR (neat): 3058, 3022, 2925, 2850, 1606,
1511, 1448, 1288, 1246, 1174, 1109, 1034, 833 cm™'; HRMS (EI) calc'd for [M]" Cs3Hs0s: 476.2343,

found 476.2346.

(S)-5-(3,3-Bis(4-fluorophenyl)allyl)-2,2-diphenyltetrahydrofuran (18c)
r Tetrahydrofuran 18c was purified by flash chromatography (SiO,, 100 : 0 - 90 :

Q 10 gradient hexanes/Et,0) to give (44 mg) obtained from the catalytic

— carboetherification of 17 and 13c as a pale yellow oil (70% yield). [o]p""” =

Ph

ph” O (18c) O 4.5° (c = 0.98, CHCl;); ee = >95%, determined by HPLC analysis [Chiralpak
F AD-RH, 65 : 35 MeCN/H,0, 0.20 mL/min, A = 254 nm, t(major) = 78.12 min,

t(minor) = 74.75 min]; '"H NMR (300 MHz, CDCl3) § 7.48-7.42 (m, 4H), 7.34-6.92 (m, 14H), 6.16 (t, J =

7.2 Hz, 1H), 4.30-4.22 (m, 1H), 2.69-2.38 (m, 4H), 2.05-1.95 (m, 1H), 1.73-1.65 (m, 1H); *C NMR (75

MHz, CDCl3) & 162.1 (d, J; = 245 Hz), 161.9 (d, J1 = 245 Hz), 147.0, 146.6, 141.2, 131.5 (d, J3 = 8.03

Hz), 128.8 (d, J3 = 6.9 Hz), 128.1, 128.0, 126.6, 126.1, 125.9, 125.8, 115.2 (d, J = 21.75 Hz), 114.9 (d, J,

= 21.75 Hz), 88.2, 78.6, 38.7, 36.3, 30.9; IR (neat): 3058, 2964, 2877, 1602, 1506, 1448, 1261, 1224,



1557, 1094, 1054, 912, 838, 797 cm™; HRMS (CI) calc'd for [M+H]™ C3Hy;0F,: 453.2026, found

453.2024.

(R)-3-(2-(5,5-Diphenyltetrahydrofuran-2-yl)ethyl)benzofuran (26)
Tetrahydrofuran 26 was purified by flash chromatography (SiO,, 100 : 0 - 90 :
\d 10 gradient hexanes/EtOAc) to give (50 mg) obtained from the catalytic
Ph Pho (26) carboetherification of 17 and 25 as a clear oil (88% yield). [a]p'®* =15.7° (c =
0.71, CHCl3); ee = 94%, determined by HPLC analysis [Chiralpak AD-RH, 90 : 10 MeCN/H;0, 0.65
mL/min, A = 254 nm, t(major) = 17.87 min, t(minor) = 16.75 min]; 'H NMR (400 MHz, CDCl3) 6 7.57 (d,
J=17.6 Hz, 1H), 7.48-7.44 (m, 6H), 7.33-7.26 (m, 6H), 7.25-7.17 (m, 2H), 4.24-4.18 (m, 1H), 2.98-2.79
(m, 2H), 2.71-2.64 (m, 1H), 2.60-2.53 (m, 1H), 2.15-2.03 (m, 2H), 1.97-1.93 (m, 1H), 1.75-1.66 (m, 1H);
C NMR (75 MHz, CDCls) § 155.4, 147.3, 146.7, 141.1, 128.3, 128.1, 128.0, 126.6, 126.5, 125.9, 125.8,
124.1, 122.2, 120.2, 119.7, 111.4, 88.0, 78.3, 38.8, 35.8, 31.4, 20.4; IR (neat): 3059, 3012, 2928, 2859,
1597, 1490, 1454, 1261, 1184, 1092, 1051, 858, 801, 747 cm™'; HRMS (EI) calc'd for [M]" CysH240x:

368.1774, found 368.1771.

(R)-3-(2-(5,5-Diphenyltetrahydrofuran-2-yl)ethyl)-2-ethyl-1-tosyl-1H-indole (28)
Tetrahydrofuran 28 was purified by flash chromatography (SiO,, 100 : 0 - 90 :
\ e 10 gradient hexanes/EtOAc) to give (66 mg) obtained from the catalytic
Ph Pho (28) carboetherification of 17 and 27 as a white solid (81% yield), required two
columns to obtain pure compound 28; [a]p™ = 3.75° (¢ = 0.95, CHCl;); ee = nd (enantiomers were
unseparable); mp 47 °C; 'H NMR (400 MHz, CDCl;): & 8.18 (d, ] = 8.4 Hz, 1H), 7.52 (d, J = 8.8 Hz, 2H),
7.49-7.41 (m, 4H), 7.32-7.19 (m, 8H), 7.06 (d, J = 8.4 Hz, 2H), 4.06-4.00 (m, 1H), 3.10-3.01 (m, 2H),
2.91-2.75 (m, 2H), 2.66-2.59 (m, 1H), 2.55-2.49 (m, 1H), 2.28 (s, 3H), 2.00-1.84 (m, 2H), 1.77-1.70 (m,

1H), 1.64-1.55 (m, 1H), 1.31 (t, J = 7.2 Hz, 3H); "°C NMR (75 Hz, CDCl;): § 147.3, 146.7, 144.2, 139.3,

136.9, 135.9, 130.9, 129.5, 128.1, 128.0, 126.6, 126.5, 126.1, 125.8, 125.7, 123.9, 123.3, 120.7, 118.6,



115.4, 88.0, 77.9, 38.7, 36.6, 31.3, 21.5, 20.9, 19.9, 15.7; IR (neat): 3058, 2934, 2873, 1597, 1448, 1361,
1225, 1172, 1090, 1048, 811, 748, 703 cm™; HRMS (EI) caled for [M]" C3sH35035NS: 549.2332, found:

549.2335.

(S,E)-5-(3-(4-methoxyphenyl)allyl)-2,2-diphenyltetrahydrofuran (30)
OMe Tetrahydrofuran 30 was purified by preparative TLC (SiO,, 95 : 5
hexanes/ether, developed 2x) to give (25 mg) obtained from the catalytic
carboetherification of 17 and 29a as a colorless oil (46% yield). [OL]D19 =

Ph
O
Ph 8.30° (¢ = 0.6, CHCl»); ee = >95%, determined by HPLC [Chiralpak AD-

(30)
RH, 65 : 35 CH3CN/H;0, 0.5 mL/min, A = 254 nm, t(major) = 31.22 min, t(minor) = 39.63 min]; 'H
NMR (400 MHz, CDCls): 8 7.46 (d, J = 8.0 Hz, 4H), 7.32-7.25 (m, 6H), 7.22-7.17 (m, 2H), 6.85 (m, 2H),
6.41 (d, J =16.0 Hz, 1H), 6.13 (dt, ] = 16.0 Hz, 7.2 Hz, 1H), 4.31-4.23 (m, 1H), 3.81 (s, 3H), 2.67-2.61
(m, 2H), 2.57-2.45 (m, 2H), 2.09-1.98 (m, 1H), 1.81-1.70 (m, 1H); °C NMR (75 Hz, CDCL): & 158.8,
147.1, 146.6, 131.4, 130.5, 128.1, 128.0, 127.5, 127.1, 126.6, 126.5, 125.9, 124.6, 113.9, 88.2, 78.7, 55.3,
39.7, 38.8, 30.7; IR (neat): 3028, 2952, 2835, 1607, 1510, 1456, 1248, 1174, 1035, 701 cm™'; HRMS (EI)

calcd for [M]+ Ci6H2605: 370.1947, found: 370.1933.

(S,E)-5-(3-(4-(tert-butyl)phenylallyl)-2,2-dimethyltetrahydrofuran (31)
‘Bu Tetrahydrofuran 31 was purified by preparative TLC (SiO,, 95 : 5
hexanes/ether, developed 2x) to give (35 mg) obtained from the catalytic

carboetherification of 20 and 29b as a colorless oil (42% yield). [a]p" = -
O
(31)

90 : 10 CH3CN/H,0, 0.5 mL/min, A = 254 nm, t(major) = 35.61 min, t(minor) = 12.19 min]; "H NMR

21.73° (¢ = 0.55, CHCl3); ee = 95%, determined by HPLC [Chiralpak AD-RH,

(400 MHz, CDCL3): § 7.33-7.28 (m, 4H), 6.42 (d, J = 16.0 Hz, 1H), 6.18 (dt, J = 16.0 Hz, 7.6 Hz, 1H),
4.11-4.03 (m, 1H), 2.55-2.48 (m, 1H), 2.40-2.33 (m, 1H), 2.05-1.97 (m, 1H), 1.75-1.66 (m, 3H), 1.31 (s,

9H), 1.27 (s, 3H), 1.24 (s, 3H); >C NMR (75 Hz, CDCls): § 150.0, 134.9, 131.7, 125.9, 125.7, 125.4, 80.7,



78.1, 39.8, 38.4, 34.5, 31.3, 31.1, 29.2, 28.1; IR (neat): 2964, 2868, 1507, 1457, 1363, 1269, 1143, 1050,

967 cm™'; HRMS (EI) calcd for [M]" C19Ha50: 272.2146, found: 272.2140.

Conversion of 14 to the known compound (S)-2-(Tetrahydrofuran-2-yl)ethyl benzoate to establish

absolute configuration.®

)

Ph BzCl (4.5 equiv) M pp
O—/:<Ph 1) O3, CH,Cl,, -78 °C, 30 min_ O‘IOH pyr. (9.0 equiv) WO
g 2) NaBH, (4.5 equiv) - 5 CH.Clp, 1t,3h = O
(14), 85% ee CH20|2, -78 °C—rt, 24 h 79%

over 2 steps

(S)-2-(Tetrahydrofuran-2-yl)ethyl benzoate:

Tetrahydrofuran 14 (35 mg, 0.132 mmol, 1 equiv) was dissolved in CH,Cl, (2.0 mL) and the mixture
placed, with stirring, in a -78 °C bath. After allowing the mixture to stir for 10 minutes a stream of O;
gas was bubbled through until a deep blue color persisted even with removal of the gas stream. Once
enough O3 had been bubbled into the mixture the reaction was purged with a stream of argon gas. The
mixture was then treated with sodium borohydride (23.0 mg, 0.608 mmol, 4.5 equiv) and allowed to stir
and come to room temperature overnight. The reaction was then quenched with 1 M HCI (5 mL) and
extracted with diethyl ether (3 x 10 mL). The combined organics were then dried over anhydrous sodium
sulfate and the solvent removed in vacuo to give 131 mg of the crude alcohol product which was used in
the next step without further purification.

Pyridine (0.097 mL, 1.20 mmol, 9 equiv) was added via syringe at room temperature to a solution of the
crude alcohol from the previous step (131 mg) dissolved in CH,Cl, (2.0 mL). The resulting mixture was
allowed to stir for 20 minutes before benzoyl chloride (0.069 mL, 0.594 mmol, 4.5 equiv) was added drop
wise via syringe. The mixture was then allowed to stir at room temperature for 3 hour before being
quenched with water (5 mL) and then extracted with CH,Cl, (3 x 5 mL). The combined organic layers
were then washed with brine (15 mL) and dried over anhydrous sodium sulfate. Removal of the solvent
in vacuo gave the crude residue which was purified by flash chromatography 30% Et,O in hexanes to

give (S)-2-(tetrahydrofuran-2-yl)ethyl benzoate®, 23.0 mg, as a colorless oil (79% yield over 2 steps).



[a]p"® = 13.1° (¢ = 0.53, CH,Cl,). 'H NMR data matched that previously reported by Matsubara.® 'H
NMR (400 MHz, CDCls) & 8.04 (d, J = 8.0 Hz, 2H), 7.56 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 8.0 Hz, 2H),
4.50-4.37 (m, 2H), 4.05-3.97 (m, 1H), 3.92-3.86 (m, 1H), 3.78-3.72 (m, 1H), 2.12-1.85 (m, 5H), 1.60-
1.51 (m, 1H).

The absolute configuration of the 2-(tetrahydrofuran-2-yl)ethyl benzoate we obtained was assigned as (S)
by comparing the optical rotation with the literature value of the known enantiomer.® [lit. (R)-2-

(tetrahydrofuran-2-yl)ethyl benzoate: [o]p>® =-14.7° (¢ = 2.21, CH,Cl)].
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2a using (S,S)—iPr—box:

S e e P T ) P T Y PRI S

# | Time [min] | Area [%0]
1 137.23 96.7
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2a using (S)-'Pr-QUINOX:

# | Time [min] | Area [%0]

[u—

151.47 42.0

2 158.19 58.0




2a using (R,R)-Ph-box:
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# | Time [min] | Area [%0]
1 147.54 154
2 156.13 84.6
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(4) using (S,S)—iPr—box:

0””0?5""‘1""1f5""é'"'2f5""(:3""3f5"":""4f5 """" R:rg?;]
# | Time [min] | Area [%0]
1 3.83 31.3
2 4.43 68.7
(4) using (S)-'Pr-QUINOX:
——t——TT—t+—T—T—T——+—— ?_{Y:....:.... .... A.:.... .... ".. ........ RT[r;“n}
0 0.5 1 1.5 2 25 35 4.5 55 6.5
# | Time [min] | Area [%0]
1 3.94 65.8
2 4.63 34.2
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g° CHa
- 1 A
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# | Time [min] | Area [%0]
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2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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# | Time [min] | Area [%0]
1 |12.89 49.5
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# | Time [min] | Area [%0]
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1 | 13.81 10.3
2 11949 89.7




7503 mAU
700:
650:
600:
550:
500:
450
400:
350;
300:
250
200
150:
100:

50;

A

-50:

RT [min]

17 175

18 18.5 19

Time [mMin]

Area [%0]

[u—

20.71

49.83

22.42

50.17

21

Ph

Ph

19.5

20

20.5

21

215

22

225

23

235

24

1,200 mau
1,100
1,000
900
800
700
600
500
400
300
200

100:

RT [min]

17.5 18

18.5 19 19.5

Time [mMin]

Area [%0]

[u—

2141

1.76

22.96

98.14

20

20.5

21

215

22

225

23

235

24

245

25




# | Time [min] | Area [%0]
1 |20.75 49.52
2 | 24.84 50.48
Ph
N M
g Ph
23
H/\/\; 3
— —— +— +— +— +— :“.’-.-?..-.‘-;. +— .R:T[-m]
0 2 4 6 8 10 12 14 16 18 20 22 24 26
# | Time [min] | Area [%0]
1 |20.80 7.15
2 |24.56 92.85




o2 46
# | Time [min] | Area [%0]
1 |21.56 48.88
2 2293 51.12
# | Time [min] | Area [%0]
1 |21.61 98.47
2 | 23.11 1.54




1,200}
11003
1,000}
9003
8001
7003
6001
5003
400
3003
200

1003

“RT [min]

P

Time [mMin]

Area [%0]

[u—

74.95

49.4

80.73

50.6

Ph

18b

OMe

OMe

PR

PR

o

P

o

T

P

"85 90

? R [min]

S S

T

.2.5. ™

Time [min]

Area [%0]

—

73.07

1.1

77.01

98.9

ERRE

3.5...

R

4.5...

.5.0. ™

.5.5. T

o

6’5'”'

e

85



# | Time [min] | Area [%0]
1 |78.52 49.5
2 | 84.77 50.5
F
Ph
s Q
Ph
F

v |
E . X X X X X X X X X X X X X T X X R.[rTin]
0"”"5”"1'0””1’5””2’0””2’5”"3'0””3'5””4'0”"4'5””5'0””5’5””6’0””6’5”"7'0""7'5' '8'0' ”8’5"
# | Time [min] | Area [%0]
1 | 7475 1.2
2 78.12 98.8




RT [min]
o 12 4 5 6 7 8 9 10 5 16 17 18 19 20 21 22
# | Time [min] | Area [%0]
1 | 15.66 46.3
2 117.89 53.7
/ (0]
Ph o
Ph 26
"l 1
X X X X X X X X X X X X X RT [min]
o 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Time [min]

Area [%0]

—

16.75

2.9

17.87

97.1




8503 mAU
8003
7503
7003
6503
6003
5503
5003
4503
4003
3503
300%
2503

1503
1003
503

]

.50%.
-100}
-1503

—

Ph

Ph

- !
2 &
) ) ) ) ) ) ) ) ) ) ) ) ) ) RT[ninl
T2 T Ta0 T et T T2’ T Tss’ s s se a7 88 39 40 41 42 43 44
Time [min] | Area [%0]
31.48 50.2
39.23 49.8
OMe
30
mAU WL_R956_ClI BDATA

1,200
1,100
1,000}
900}
800l
700}
600}

5003

3003
200}

100}

Time [min]

Area [%0]

[u—

31.22

99.1

39.63

0.9




1,300F
1,200%
1,100%
1,0003
9003
800%
7003
6001
5003
4003
3003

2003

100}

ng‘—T

&

Ly

1 ~  RT[mn]

Time [min]

Area [%0]

—

11.59

49.4

34.67

50.6

t+Bu

31

44

440F
4203
4003
3803
3603
3403
3203
3003
2803

24031
22031
2003
1803
1603
1403
1203
1003

60F
403}
20}

-20%

Time [min]

Area [%0]

[u—

12.19

2.2

35.61

97.8




Sample Nas

Data Collectad on:
roesy.chem.buffalo. edu-mercury300

Archive directorys:

Sample directory:

FidFile: PROTON

Fulse Sequen PROTON (sZpul)

on: Aug 27 2013

Temp. 25.0 € ; 298.1 K
Operator: Sherry

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acq. ti T06 sec N

Width 4803.1 Hz

B repetitions

OBSERY! Hi, 300.0738816 WHz
ESSING

DATA
FT size 16384
Total time 0 min 23 sec

~7.280
-5 .848
b 5,814

—5.871

OH
15

3315

STANDARD CARBON PARAMETERS

Sample Name:

Data Collected on:
roesy.chem.buffalo. edu-mercury300

Archive directory:

sample directory:

FidFile: CARBON

Pulse Sequence: CARBON (s2pul)

Solvent: cdcl3
Data collected on: Aug 27 2013

Temp. 25.0 C / 298.1 K
Operator: Sherry

Relax. delay 8.000 sec
Pulse 45.0 degrees
Acq. time 0.868 sec

9 H

5.4536375 MHZ
754430 MHZ

DECOUPLE  H1,
Power 3
cont inuously on
WALTZ-16 modulated
DATA PROCESSING
Line broadening 0.5 Hz
FT size 32768
Total time 15 hr, 14 min

116.929

136.206

.430
77.338
77.003
76.911
76.575

7

76.484

69.036

47.210

42.006

34,100

5.171

—1.389

130 120 110 100 90

60

50

a0

20

10

ppm



Ph:.

Sample Name:

Data Collected on:
chamnmra00.chem. buffalo. edu=-1novadon
Archive diractory:

Sample directory:
FidFile: PROTON

Pulse Sequence: PROTON (sZpul)
Solvent: cdcld
Data collected on: Nov 5 2013

Oparator: Chemlar

Relax. delay 1.000 sec
Pulse 45.0 o

Acg .

Width 6387.7 -
8 repetitiops o oo
OBSERVE

DATA PROCE hir}

FT size 32764 7 - .
Total time™0

~5%
e m
e
2 22 1
E - .
: 22 332
. JJ s
- 2 w LU
oo « ] e
ffz @ < o |
= <35 = | L ez
g (Tl — ~ =%
- =13 L I= =
L Y E ‘ JJ
:

—3.148
2.143

— T T T B B e e e T - g e

Phu CHa
Ha— 0 Hb

stron
10 9

Selective band center: 1.46 (ppm); width: 10.3 (HzZ)

Sample Mame:

ChemmmrS00.ch
Archive directory:

buffalo.edu-1inovasan

Sample directory:
FidFile: NOESYLD
Pulse Sequence: NOESYLD

Eolvent: cocld
Data collectod oni Nov 1 2013

Temp. 25.0 C

s 298.1 K
Operator: Chemier

Relax. delay 1.000 sec

5
W1, 499 AUN3IB0ON WHE
ssingG

e

7

:

-
0¥

=

H

'

-~ 5088
i

1.540
4.528

318

3L IR

—~1.480

e 1.261

i
I



Sample Mame:

Data Collected on:
chemnar40d. chem.buffalo. edu=inovadod
archive dirsctory:

Sample directory:
FidFile: PROTON

Pulse Sequence: PROTON {SZpul)
Solvent: cdeld
Data collecEpd on: Sep 27 2013

-
Operater: cnk ter

Relax. ﬂau%l.ulw sec
Pulse 45.0 grees
Acg. time 2.565 sec
Wwidth 6387.7 HZ

8 repetition

OBSERVE H &3,!‘55830?3 MHZ
DATA PROCESSING

Total time

rin 29 sec

4,482

-

—a.515
4.508

o, 286

Phi.. o

—E.626
2.597

=

g T 1

Selective band cente
Selective band cente

2.96 (ppm); width:
1.3a (ppm); width:

Sample Name:
Data Collected on:
AMFS00C. chem. buffalo. edu-inovas0o
Archive directory:
sample directory:
FidFile: NOESY1D
Pulse Sequence: NOESY1D
1

Solvent: cdc
Data collected on: Nov 14 2013

Temp. 25.0 'g“/ 298.1 K
Operator: ChSmier

Relax. de

Total time 36

AN

4.545

1.01

Phin,,.

2.855
2.832

4.527
3.222

3.183

—1.319
1.302

2.228
2.209
2.188

.81
—_—1.550

—1.256

1.352
1.337

——

ppm

ppm



Ph

Ph

14

Sample Name:

Data Collected on:
chemnmr400.chem.buffalo.edu-inovad00

Archilve directory:

sample directory:

FidFile: PROTON

Pulse sequence. PRDTDN (szpul)

so

,—3.952

7 6 5 4 3 2 1 ppm
ety o i o ot et
2.08.33 1.00 1.05 1.01 1.11 1.24
1.98.62 0.98 1.08 1.05 2.18
STANDARD CARBON PARAMETERS
Sample Name:
Data Collected on:
roesy.chem.buffalo.edu-mercury300
Archive directory:

Sample directory:

77.430
77.201
77.003
76.575

FidFile: CARBON

Pulse Sequence: CARBON (s2pul)
Solvent: cdcl3
Data collected on: Aug 20 2013

Temp. 25.0 C / 298.1 K
Operator: Sherry

Relax. delay 8.000 sec
Pulse 45.0 degrees
Acg. time 0. 658 sec
Width 18867.9
5814 repstltlons
0BSERVE C13, 75.4536375 MHz
DECOUPLE H1, 300.0754430 MHZ
Power un
cont inuous1
WALTZ-16 moduwten
DATA PROCESSIN

127.247
126.926

79.002

211

142.570
140.067
" 125.659
67.830
35.779
30.925
25.706

— 143

-
S —




Pulse Sequence:

Sample Name:

Data Collected on:

chemnmr400.chem.buffalo.edu-inovado0

Archive directory:
Sample directory:
FidFile: PROTON

PROTON (s2pul)

Solvent: cdc13

Data collected on:

Operator:

-
vl
Relax. delay 109@{5 o
Pulse 45.0 & &% -~ g
sl J

OBSERVE

7.384

Nov 5 2013

Chemler

Acqg.
width 533%‘?

8 repet

Ph

Ph

4.077
4.062
055
0

e s

1.00

sample Name:

Data Coliected on:
roesy.chem.buffalo.edu-mercury3oo

Archive directory:

sample directory:

FidFile: CARBON

Pulse Sequence:

Solvent: cdci3

Data collected on:

CARBON (szpul)

May 8 2012
mp. 23.0 C / 296.1 K
Operntor. Sherry

Relax. delay 1.000 sec
Pu]se as. a
- time

DATA PROCESSTNG
Line broadening
FT size 32768

Total time 1 hr,

0.5 Hz
12 min

— 143,
142
e 140,034

129.915

128.160

127.229

126.908

125.611

e
1.05

78.603
77.427
77.000
76.573

79.076

1.28

e 50,901

44,766

36.738
36.234

37.577

24.741




Ph

Ph Ph
Ph

Sample Name:
Data Collected on:
chemnmra00, chem.buffalo.edu-inovadno
Archive direftory:
Sample direcfory:
FidFile: PROJON
Pulse Sequencg: PROTON (s2pul)

Solvent: cdc
Data collect

on: Feb 10 2012

Temp. 25.0 / 298.1 K
Operator: Chghler
Relax. delaj|2.000 sec

Pulse 45.0, Hpgrees
Acq. time 65 sec
Width 6387 Hz

8 repetiti

0 399.9389215 MHz
DATA PROCESSING
FT size 327

Total time in 29 sec

18a

N

[— — e

4.16 1.00
6.32
STANDARD CARBON PARAMETERS
sample Name:
Data Collected on:
roesy.chem.buffalo.edu-mercury3on
Archive directory:
Sample directory:

FidFile: CARBON

Pulse Sequence: CARBON (s2pul)
Solvent: cdcl3
Data collected on: Feb 9 2012

Temp. 22.4 C s 295.6 K
Operator: Sherry

128.038
—127.961
127.259
T 176.893
125.840

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acg. time 0.868 sec

129.961

1536122 MHz (i} I !
DECOUPLE  HL, _0754430 MHZ R '
Power 38 dB 0

continuously on i : I
WALTZ-16 modulated L

DATA PROCESSING i
Line broadening 0.5 Hz i
FT size 32768 i
Total time 2 hr, 28 min |

146 .688
140.049

—147.055

88.111

_78.740
77.412

76.573

36.249

38.752

30.892

160 140 120 ‘ 100

60

40

20



STANDARD PROTON PARAMETERS
Sample Name:
Data Collected on:
roesy.chem.buffalo.edu-mercury300
Archive directory:

Sample director

FidFile: PROTON

Pulse Sequence: PROTON (s2pul)
Solvent: cdcli3
Data collected on: Sep 24 2013

Temp. 25.0 C / 298.1 K
Operator: Sherry

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acg. time 1.706 sec
Width 4803.1 HZ
B repeuti
Hl., 300 0738816 MHz
DATA PRDCESSIN
FT size 163
Total time 0 min 23 sec

7.048

6.098

6.072

-
=

o
S
-
<

2.524

-2.504

2.481
2.456

—/

2.399

2.376

2.285

2.264
2.254

1.258

~ -
o
o

e =
2.98.21 0.85
5.68.89

Sample Name:

Imta Collected on:
oesy.chem.buffalo.edu-mercury300
Al‘clﬁve directory:

Sample directory:
FidFile: CARBON

Pulse Seguence: CARBON (szpul)
Solvent: cdcl3
Data collected on: Sep 23 2013

.2343/2!55‘
oporator: Shert

Relax. delay 8.000 sec
Pulce 450 degrecs

intime 0868 sec
\“I!th 18867 .9
5852 repetitio
OBSERVE  CL3,  75.4586375 Mz
DECOUPLE H1l, 300.0754430 MHZ

cont inuously on
WALTZ-16 modulated

Total time 15 hr, 14 min

129.841
128.819

144.285
127.231
127.094
127.063
—124.682

\

78.529

77.430
—17.201

27,003
\76.6987
\__76.575

1.07

3.08

§5.284

44.219

35.977

29.689

70

60 50

40 30

20

ppm



Ph
Ph

21

twl-3-202prepped

J

ppin

Y S

L2 B I

nmrane.
Archive difs

Daia Coll

1.1

108

L01

ppm

28

40

8

80

ER 1N

120

L]

Sequypcss PR
25‘8.1 S

398, 83890185 MH2

min 29 sec
KRov 15 20613

cilE:
16.22

2s.
operater

CARSON
edcii

fHata rcollscted on:

Sample i
Figrite
Tempn.

Pulse
Soivent
Pata colle:

[
|
rmed60 . chem. buffalo., edu-mercury3e0

Archive directory
Puilse Sequence: CARBON {s2puil)

Tw1-2-302carbon
Sampie Name:

cata Coliected on:
Sample directory
FigFile

Solvent

1230811
EBT° 6T
TRE T8
4779
7308 13
48798
000 LE™
2y id
LT HL I
F2:3:08 014
£58° 521
BLE 82T
a8 T T ———
71 S
FA% 3810
N
E4H
k2
»o
©@i
3 w o N
3 e =
- E-4
g o BR w
s @ss =8 m o
o 848 =9 % =
N Be Nend -
o @I SRS CE oM
~e SoBIB E G0F L
T T8%erc 225 &
ol »2570 .. nBhte
£ g _OnendarOn e
MO D GHETTRERTEN
. o row ol 3 wiga e
Gn BmEsa mOwOLRE
ne PRERS umanEets
o o Lt GIERDS
DT
28 mmquqﬁuw“tnnsa
28 22&3°8BE83ETE
& éa - g 4

l4e

160




Sample Na@e‘; -

s~ o
Data Collgctedl on:
chemnmrApd.chem.buffalo.edu-inovaaoo

Archive dl:jf}ury:
sample diffectory:
FidFile: FROTON

Pulse Sequgnce: PROTON (s2pul)
Solvent: cdcl3
Data collegted on: Oct 30 2013

Operator: henﬂer_‘
™ <
Relax. dejay 1869 sec
Pulse 45.¢ degrees"
Acq. time c|
Width 638

6.153
6.134

7.380
5.846
5.829
5.804

©
=~
-
o 2
Jm

s e r
3.70 1.00 2.07
6.56 0.99

Sample Name:

Data Collected on:
nmr300.chem.buffalo.edu-mercury300
Archive directory:

Sample directory:
FidFile: CARBON

Pulse Sequence: CARBON (s2pul)
Solvent: cdcl3
Data collected on: Nov 6 2013

Temp. 25.0 C / 298.1 K
Operator: Chemler

Relax. delay 8.000 sec

Pulse 45.0 degrees

Acq. time 0.868 sec

Width 18867.9 Hz

5760 repetitions

OBSERVE C13, 75.4536375 MHz
DECOUPLE H1, 300.0754430 MHz
Power 38 dB

continuously on

WALT2-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 32768
Total time 15 hr, 14 min

=3
-
S
©
~

L7

129.933
128.162
247

127
126.911

140.098
138.526
125.705

114.441

~—143,165
——  — — _142.646

78.346
78.300

e

1.08
1.07 4a.68

5

e

.22
3.22

— — T 1
140 130 izo0 110 100



Sample Name:

Data Collected on:
chemnmr400;chem.buffalo.edu=-inovadoo
Archive dire¢tory:

sample directory:
FidFile: PROTON

Pulse Sequencé: PROTON (s2pul)
Solvent: cdclis -
Data collectedQon: Oct 30 2013%

Operator: Chemer ) LL\\E

Relax. delay|1.000 sec
Pulse 45.0 degrees
Acg. time 2.365 sec
Width 6387.7 Hz

8 repetition @
OBSERVE H1, 3%2&%5035 MHz
DATA PROCESSING & <
FT size 32768

Total time 0 ﬂﬁ,&ec

6.143
—6.124
5.868
5.859
5.843
5.826

~7.211
7.204
—7.196

7.178

—
5.816
5.808
\_5.800

T T T L T T T T T T T T T v T T T T T T T T T T T T T T T
7 6 5 4 3 2 1 ppr
Ly il ] e B b et e e
0.8330.22.24 1.00 2.60 0.81 3.28 1.31
0.18.17.26 1.19 2.52 0.91 2.84 6.26
sample Name: o llew
afse
Data Collected on: < n
nmr300.chem.buffalo.edu-mercury300 Sl e
Archive directory: Rl 1 Rl
Sample directory:
FidFile: CARBON
Pulse Sequence: CARBON (s2pul)
Solvent: cdcls
Data collected on: Nov 8 2013
Temp. 23.9 C 7 297.1 K N
Operator: Chemler
Relax. delay 8.000 sec o
Pulse 45.0 degrees -
Acq. time 0.868 sec -
width 18867.9 Hz -
6976 repetitions =
OBSERVE C13, 75.4536375 MHZ —~
DECOUPLE H1, 300.0754430 M
Power 38 dB
continuously on
WALTZ-16 modulated
DATA PROCESSING
Line broadening 0.5 Hz » -
FT size 32768 e ]
Total time 24 hr, 48 min 2 -
oS S8
s
L .
5
Se S=e
N =2 L]
o o 2 s =
ame
5385 ] 3 NR we27% (22
Neom =27 2 I se
Iz =8 < Sw @ =8
= b= 89 &9
=
It ©
s g g
2 : ;
=1 2
e
1 1 { b bt i " I f , | ' I "
o, il il o i ik it et N v, o i

150 140 130 120 110 100 90 a0 70 60 50 40 30 20 10 ppm



Selective band center: 3.¥b [ppm); width:

Sample Name:

Data Collected on:
nmr500c.chem.buffalo.edu-inovasoo
Archive directory:

Sample directory:
FidFile: NOESY1D

Pulse Sequence: NOESY1D
Solvent: cdcl3
Data collected on: Nov 20 2013

Temp. 25.0 C , 298.1 K
operator: Chemler

Relax. delay 1.000 sec

Pulse 90.0 degrees

Acgq. time 2.048 sec

Width 8000.0 Hz

13600 repetitions
OBSERVE H1, 499.8984429 MHZz
DATA PROCESSING
FT size
Total time 21 hr, 24 min

=
=

6.069

6.084
6.073

~

7.151
\_7.105

—/

$z_=_4

\__6.054

A‘-_——_______\;,S.EHE

1.440

1.432
1.413
1.363

1.358

Selective band center: 6.15 (ppm); wi
Sample Name:

Data Collected on:
nmr500c.chem.buffalo.edu-inova500
Archive directory:

sample directory:
FidFile: NOESY1D

Pulse Sequence: NOESY1D
Solvent: cdcl3
Data collected on: Nov 22 2013

Temp. 25.0 C 4 298.1 K
Operator: Cnenmsr

Relax. delay "} .000 sec
Pulse 90.0 degrees

c 2.048 sec
Width 8000.0 Hz

14784 repetitfi
OBSERVE H1, |4
DATA PROCESSING
FT size 32768 N
Total time 3§ |hr, 54 min

&

ons
99.8984040 MHz

~

6.161
.148
6.132

6.137

[

dth:

3.943

=
&
E

2.432

ppm

:"

ppm



OMe

Ph

18b OMe

Sample Name:

Data Collected on:
chemnmrd400.chem.buffalo.edu=inovad00
Archive directory:

sample directory:

FidFile: PROTON

Pulse Sequence: PROTON (s2pul)
13

Solvent: cdc
Data collected on: Dec 14 2012

3.834
1%

Operator: Chemler

Relax. delay 1.000 sec
Pulse 45.0 degrges

8
DBSERVI H1 -9389023 MHz

Total time 0 min 29 sec

6.046

3.776

0.889

S [—
4.56 2.55 2.20 1.00 3.08
2.974.34 2.13 1.01 3.41

Sample Name:

pata Collected on:
roesy.chem.buffalo.edu-mercury300
Archive directory:

77.427
77.214
77.000
76.573

sample directory:
FidFile: CARBON

Pulse Sequence: CARBON (s2pul)
Solvent: cdcl3
Data collected on: Oct 8 2013

Temp. 25.0 C / 298.1 K
operator: Sherry

Relax. delay 8.000 sec
Pulse 45.0 degrees

cq. time 0.868 sec
wWidth 18867.9 Hz

ons
OBSERVE  Ci3, 75.4536389 MHz
DECOUPLE  Hl, 300.0754430 MHZ
Power 38 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 32768

Total time 15 hr, 14 min

126.496
125.886

126.557

125.855

131,075

113.508
113.386

55.251

78.908
55,205

158.700
158,456
142.155
135.821
132.601
123.858
88,096
38.768
36.280
30.877

= 146.734

~—147.131




18c

Ph
Ph

ppm
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Sample Name:

Data Collected on:

chemnmrd0¢.chem.buffalo.edu-inovad00

Archive dirgctory:

Sample diregtory:

FidFile: PROTON

Pulse : PROTON (s2pul)

Solvaatd ordchic o cum =
Data T BEEEGS T B2 2013
ERAR B A

0;52{05" ;‘g) n?p}?%j

Total tin

7.584
7.565

-7.188

_ _2.501

—2.940

—4.206

1.04 6.53 1.00 1.04 1.09 1.08
6.18 2.79 1.06 1.10 2.20 1.08
STANDARD CARBON PARAMETERS
Sample Name:

Data Collected on:
roesy.chem.buffalo.edu-mercury300
Archive directory:

77.427
76.573

Sample directory:
FidFile: CARBON

Pulse Sequence: CARBON (s2pul)
Solvent: cdcl3
Data collected on: Sep 30 2013

Temp. 23.4 C / 296.6 K
Operator: Sherry s |

Relax. delay 8.000 sec

ons
OBSERVE €13, 75.4536389 MHz
DECQUPLE Hl, 300.0754430 MHz
Power 38 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 32768

Total time 15 hr, 14 min

/
TZ6.557
125.855

125.809

124.054
122.162

120.228
119.689

141.102
128.267
o ..111.386
87.958
. 78.282
38.844
35.776
31.8381
20.392

- — 146 .688

155.357
—147.299
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twi-2-297prepped
Sample Name:

Data Gcllected Ot s
nmrﬂaﬂ.chem,buffwimm]lﬁmoy X
A

Archive directory:
sampie directorys

FidFile: PROTOR
Pulse Sequence: PRO
Solventi cdci3
Data colizcted on:

Yemp. 25.0 € ,/ 2498
tperator: Chemler

delay 1. 808

45.0_segrees

Acq. time 2.565 se

Widtnh 6387.7 Hz

2 | Efitions

B: R‘Dé%' 298.9
P

FT i"%mg\zﬂ;?% 2w

Totdl itime r8 mFhoe®
- .l

Relaw .
Pulse

3 MH2

L1286

1.217

\gi.ZSS

= gt L 1)
5.03R8.30
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twi-3-247carbon
Sample Name:
bata Collected on:
nmr300._chem . buffalo edu-mercury3so
Archive directory:
Sample directory:

FidFite: CARBON

o o
Pulse Sequence: CARBON {sZpul) -5
Sotvent: cdcld PR -1
Data <ollected on: Hov 12 2613 R ]
i :233
temp. 23.6 C / 2385.5 K ! e
Operator: Ghemier i
Relax. delay 1.0400 sec
Pulse 45.0 degraes
Acg. time 0.868 sec
width 18867.9 Hz
2696 repetitions L 2w
OBSERVE €13, 75.4536408 MRz Em S
DECOUPLE Hi, 300.075443C MHz S
Power 38 dB o &
continuously on S
WALTZ-16 modulated i
DATA PROCEISSING
Line hreoadening 0.5 Hz
FT size 32768
Total time 3 hr ~
o
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sngey RIB
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EEEE S
™~ a L3
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twi-4-072prepped

Sampie Namggi,
=

Archive dibeftbry:
Sample didesio
FidFite: ‘.‘yl
Pulse Ssqu

Solvent: cdq
Data colle

Temp. 25.
Operator: mier

Retax. de 1.9,
Pulse 45. egree
Acy. time HIS65 s
Width 635 Hz

1 s
DBSERVE b 394.
NG

Toi%]ghzmqq mir 2|

OMe

4,255

3.814
..3.808

byt L [ [ —
3,72 4.94 0.91
6.20 1.87 .92

twl-4-072carbon
Sampie Xame:

Bata Coljected on:
nme 266 chen. buf fa 10, edu-mer cury300
Archive directory:

Sample directory:
FidFite: CARBON

Pulse Ssquence: CARBOR (s2ptl)
Solvent: cdcis
Datas collacted on: Mar 38 2014

Temp. 23.7 € 7 296.% K
Operator: Ghemter

Relax. delay 1.090 sec
Puise 458 megrees
Ace. time 0.868 sec
Width 18367.9 Hz
23338 repetitions
OBSERVE C13, 75.4536377 MHZ
DECOSPLE  H1, 300.0753438 Mz
Power 28 dR
cont inuousty on
VALTZ-16 modulated
DATA PROCESSING
Line broadening 0.5 Hz
FT size 32768
Fotal time 16 hr, 84 min

131.36%

130.49%

158,794
147
R—__ £ 4R

127.9032
127.503
127.137

126.588

126.542
125.918

\__124 .558

113.88%

88.157

77.427

78.694

7.000
75.588

L

2.93

2.10

55.282

39.744
3§.798

36.740

1 ;118.].14

ien
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twi-4-074prepped
Sample Name:
Data Collected on:

amrd00.chem . buffalio.edu-inovaddd
Archive directory:

1.66%
1.613
1.585
e - 8

Sample directory:
FidFite: PROTON
Puise Sequence: PRGYGN {s2pul)

Solvent: ¢dcl13
Date cotlected on: Mar 18 20%4

Temp. 25.¢ C / 288.1 K
Operator: Chemler

1.274
1.242

Relax. delay 1.800 sec

Pulse 45.0 degrees

Acyg. time 2.565 sec

Width 6387.7 Hz

5 repetitions
OBSERVE H1, 398.9388027 HHzZ
DATA PROCESSING
FT size 32788
Total time 0 min 29 sec

?.314
ey o 1) |

7.334
7.278
7.260
6.436
§.207
&.147
4,180
4,688
4.082
4.06%
1,030

6.167
6.156

B o b Bttt gt s 9
3.88 .91 1.13 1.38 82297
0.47 1.00 1.14 3.2 3.00

twl-4-07dcarbon

Sample Nams:

pate Collected on:

omr300.chem. buf£ato, sdu-mer cury308

Archive directory:

Sampie directory:

FidFile: CARRON
Pulse Sequence: CARBON (sZpul}

cdcis

Solvent:
sata collected on: Mar 1% 2014

125.718
185,851
77.412
76.557
31.274
23031
9.152

N\
===l 76,985

Temp. 28.5 C / 296.6 K
gperator: Chemier

Relax. delay 1.808 sec

Pulse 43.9 degrees

fcq. time 0.868 sec

Widih 188827.9 Hz

1768 repetitions
OBSERVE C1S, 75.4536383 WHz
DECOUPLE  H1, 309.0754438 Mz
Power 38 dB

continuously an

WALTZ-16 modulated
DATA PROCESSTHS

iine broadening 0.5 Hz
FT size 32768
Total time 3 hr

125.855
39.80%

134,655
76,129
e 28 . 088

88.6638
38,432

134.875

148,885

—34.464




SUPPORTING INFORMATION

Enantioselective Copper-Catalyzed Intra- and Intermolecular Carboetherification of Unactivated

Alkenes
COMPUTATIONAL DETAILS

Unrestricted Density Functional Theory (DFT) calculations (geometry optimizations, vibrational
frequencies) were carried out at the hybrid Generalized Gradient Approximation (GGA) level
using the Gaussian 09 software.’ The UB3LYP? functional was coupled with a 6-31+G(d) basis
set® applied on all atoms (i.e., H, C, N, O, Cu). Trifluorotoluene (¢ = 9.18) was employed in the
experiment; however parameters for this solvent are not available in Gaussian. Because of this
the solvation free energy (AGsov) was computed using the default Polarizable Continuum Model
(PCM) in Gaussian and parameters for dichloromethane (¢ = 8.93).* We have previously used
parameters for 1,2-dichloroethane (¢ = 10.13) to model trifluorotoluene®, but since its dielectric
constant is closer to dichloromethane, we employ the latter solvent here instead. Tests revealed
that the relative energies of species which may be important in the reaction mechanism did not
change much when geometry optimizations and frequency calculations were carried out in
solution. For this reason, we chose to calculate the solvation free energy by carrying out single
point calculations on geometries which were stationary points in the gas phase. The
thermochemical data was obtained for 373.15 K, in accordance with the experimental conditions.
Analysis of vibrational frequencies showed that the optimized structures had all real normal
modes, whereas the transition states possessed only one imaginary frequency. The Intrinsic
Reaction Coordinate (IRC) method® was employed to find the initial coordinates of the product
species, which result from considering the path of steepest descent for each transition state
(TS). The geometries found in this way were then confirmed to be minima of the potential
energy surface. The spin density and Natural Bond Order (NBO) analysis using NBO 3.1’
version for Gaussian were performed at the UB3LYP/6-31+G(d) level of theory for the pro-S
(aka major) and pro-R (aka minor) transition states. Plots visualizing the spin density were
prepared with the Avogadro (1.1.0)® open source molecular editor and visualizer, using
Cartesian coordinates of the gas phase species. The so-called tetrahedral twist angle (017a) is
used to define the angle between two planes: the first containing two nitrogen atoms of
bis(oxazoline) ligand and the Cu atom; the second contains the carbon atom boded to Cu
(which belongs to the 6-member heterocyclic ring in a chair conformation), the O atom bonded

to Cu (also in the ring), and Cu (see Fig 1). 617a was measured using the Mercury 2.4 program.®



The basis set superposition error (BSSE) was calculated via the Counterpoise method.'® The
major transition state was used to estimate the BSSE, with its structure being split into two
fragments. These were chosen based on the last step of the mechanism, i.e., the C-[Cu]
homolysis step of the carboetherification. Frontier Density Surfaces (FDS) were visualized for
both transition states using WebMO."" These plots are obtained from the magnitudes of the
gradient of the electron density maps for the molecular orbitals available for attack by an
electrophile, nucleophile, or a radical. Furthermore an electrostatic potential map was created to
illustrate the charge distribution for both transition states in vacuum and dichloromethane. This
in addition to the electrophilic MO, nucleophilic MO, and radical FDS can be used as an aid to
describe the electronic structure of the transition states. Below we use the term “iso values MO
and ED” in order to refer to the isosurface value used to plot the molecular orbitals and electron
density, respectively. The electron density colored by the electrostatic potential in Figure 7 was
calculated using the Amsterdam Density Functional (ADF) program package,'* the B3LYP
functional and a small frozen core ATZP (augmented triple-zeta basis sets with added
polarization functions from the ADF basis set library) on the geometries optimized with the
Gaussian program code. Herein, we provide the electrostatic potential calculated with ADF
because of the powerful visualization capabilities provided by the ADF-GUI (graphical user

interface).

TRANSITION STATE ANALYSIS

=,

AAG*=1.59 kcal/mol and %ee = 79.1

Fig. 1 Structural representation of the major (a) and minor (b) transition states. H — H distances of less
than or equal to 2.2 A are shown, i.e., one between a substrate terminal alkene H and a ligand backbone



H as well as one between a substrate carbon H and a ligand backbone H. The color code for atoms is
as follows: H — white, O —red, N — blue, C — gray, and Cu — orange-bronze.

. N1

Cu-C1:2.138 A
Cu-01:1.942 A
Cu-N1: 2.027A
Cu-N2: 2.116 A
C1-C2: 1.407 A
C2-C3:1.500 A
C3-C4: 1.546 A
C4-C5: 1.543 A
C5-01: 1.410 A

(@) (b)

Fig. 2 A zoomed-in view of the first coordination shell around the Cu atom for the major (a) and minor (b)
transition states.

Natural Bond Order Analysis
The NBO orbital analysis shows that for the major transition state in vacuum the Cu — C

bonding orbital is composed from the atomic orbitals of the first C of the (1-
allylcyclopentyl)methanol ligand and the metal center. This NBO is singly occupied (B-spin) and
formed due to an overlap between the C p orbital and the Cu d orbital. Both orbitals contribute
about 50% to this NBO. The overlap-weighted natural atomic orbital bond order indicates that
there is about (30%) overlap between these orbitals. Not surprisingly the addition of the solvent
via single-point calculations does not influence this analysis. Also although it appears that there
is no bonding orbital between the Cu and the O atom the second most important overlap is
between these two atoms. A similar situation is found for the interaction of the metal center with
the N atoms. Despite a 17 degree difference between 61ra calculated for both transition states
(see below) the NBO analysis for the major TS is very comparable to the results obtained for
the minor TS.



Spin density
The most important contributions computed for the major and minor transition states in vacuum

and solvent are presented in Table 1, and illustrated in Fig 2 a — d with the iso value set to
0.0005 au.

Table 1. Spin densities of major and minor transition states.

Major TS (vacuum) Minor TS (vacuum)

Atom Description Percentage | Atom Description Percentage
Cu — 451 % Cu — 46.0 %
C1|connecting Cu with CYPN 272 % C1|connecting Cu with CYPN 27.7 %

through propane through propane
O1|connecting Cu with CYPN 22.1% O1|connecting Cu with CYPN 241 %
through methyl through methyl
N1 + N2|connecting Cu with 5- 3.48 + 2.54 |N1 + N2 | connecting Cu with 5- 258 +1.44
membered heterocyclic rings | =6.02 % membered heterocyclic rings| =4.02 %
Major TS (dichloromethane) Minor TS (dichloromethane)
Cu — 46.1 % Cu — 47.3 %
C1|connecting Cu with CYPN 26.3 % C1|connecting Cu with CYPN 26.9 %
through propane through propane
O1|connecting Cu with CYPN 211 % O1|connecting Cu with CYPN 225 %
through methyl through methyl
N1 + N2|connecting Cu with 5- 3.72 + 2.63 |N1 + N2 | connecting Cu with 5- 2.80 +1.60
membered heterocyclic rings | =6.35 % membered heterocyclic rings| =4.40 %

CYPN — cyclopentyl




Fig. 3 Spin Densities for the major transition state in vacuum (a) and in dichloromethene (b), and for
minor transition state in vacuum (c) and in dichloromethane (d).

It was found that 93% of the SOMO resides on Cu (46%), O1 (21%) and C1 (26%) for the major
TS. In the case of the minor TS 97% of the SOMO also resides on these atoms however its
composition is slightly different, i.e., Cu (47%), O1 (23%) and C1 (27%). Hence it is fair to state
that these two transition states highly resemble one another. The most striking difference found
between the major and minor TS is the relationship between N-Cu and O-Cu bond distances
and their corresponding Nijp — Cupr and Op — Cup- NBO donor-acceptor stabilization

energies (Table 2).



Table 2. Selected B-spin NBO donor-acceptor stabilization energies and bond distances for major and
minor transition states. Each NBO is labeled as: BD — bond, LP — valence lone pair, and the asterisk
indicates a non-Lewis orbital.

Donor — acceptor Enso (kcal/mol) | Corresponding bond distance (A)
C2-01 (BD) — CU(LP*) 16.21 2.049
o1 Cuqp 28.46 1.951
Major TS (P 2P
N1(|_p) - CU(LP*) 30.65 2.015
N2(|_p) — CU(LP*) 20.32 2.099
C2-O1(BD) - CU(LP*) 13.34 2.044
o1 — Cuqp 13.67 1.942
Minor TS o -
N1(|_p) — CU(LP*) 26.28 2.029
N2we — Cue 14.27 2.116

The NBO donor - acceptor stabilization energy (Engo) reveals that C2-O1 contributes about 16
kcal/mol, whereas the same bond in the minor TS contributes almost 3 kcal/mol less towards
Enso. Moreover, N(1,2) — Cu is very comparable for both transition states. However, the
0O1—-Cu gives about 50% more NBO stabilization energy in the major TS as compared to the
minor TS.

An analysis of the Wiberg bond indices' (WIB) showed that within the major TS about 68% of
the C1-Cu and 45% of C2-O1 bond is formed (see Table3). In order to obtain a percentage of
the formed bond first the relative variation of the WIB has to be calculated as:'

ABOy_p = (WAT—SB - WAR—B)/(W,A{%P - WAR—B) 1]

where W is the total WIB for a given bond, A-B, in the NAO basis (i.e., Y Wy_g(a) + W,y_5(B)).
The superscripts R, TS, and IntP refer to reactant, transition state, and intermediate product,
respectively.

Since the C1-Cu and C2-O1 bonds are not present in the starting material their WIB indexes are

0. Therefore Eq. (1) may be simplified to:

ABO,_p = (W[Sy)/(WintP (2]

Hence the percentage evolution (%EV)" for a given A-B bond order is obtained as shown

below:

%EV = 1004B0,_g [3]



Note that for the O1-Cu bond Eq. (1) has to be used, and the WIB is assumed to be 1. In this

case the percentage indicates how much of this bond is broken.

Table 3. ABOag and total WIB for the intermediate product and the major
transition state obtained in vacuum.

Major TS Intermediate Product
WIBc1-cu 0.1965 0.2897
WIBc2-01 0.1775 0.3984
WIBo1-cu 0.1844 0.1015
ABOc1-cy 0.6783 —
ABOc2.01 0.4455 —
ABOo1-cy 0.9077 —

The results computed with inclusion of solvent do not have a significant effect on the WIB

values. Hence the ABO, s and corresponding percentages are very similar.

Taken all together (i.e., NBO, WBI, Engo, €tc.) it seems that the major TS is preferred, due to a
highly stabilizing NBO donor-acceptor energy for O1—Cu, which may be related to the
formation of the C2-O1 bond and breaking of the Cu-O1 bond.

Mulliken charges

In order to illustrate the change in the charge distribution that occurs when the
carboetherification reaction progresses from the starting material (SM) to the major TS the
Mulliken charges were computed in dichloromethane, see Figure 4. It is important to note that

results obtained in vacuum are very similar.

(b)

Fig. 4 Mulliken charges for the starting material (a) and the major transition state (b) obtained in
dichloreomethane. Red indicates negative charge, while blue positive charge.



Additionally Table 4 contains values of Mulliken charges for the most important atoms obtained

for SM and major TS as well as for the minor TS in both environments.

Table 4. Mulliken charges for select atoms of the major and minor transition states obtained in vacuum
and dichloreomethane.

Vacuum Dichloromethane
Atom SM Major TS Minor SM Major TS Minor
C1 -0.641 -0.604 -0.782 -0.654 -0.657 -0.829
C2 +0.197 +0.927 +1.193 +0.162 +0.949 +1.222
o1 -0.127 -0.795 -0.032 -0.156 -0.098 -0.079
C5| +1.310 -0.551 -0.156 1.302 -0.545 -0.140

Tetrahedral twist angle

For the major TS the value of the tetrahedral twist angle is 43.52 degrees, so about 16.5

degrees less than a perfect tetrahedron whereas the minor TS has 6174=60.90 degrees, which

is only slightly more than the twist angle for Tg.

mean: C Cu O

mean: N CuN

(@)



(b)

mean: N CuN

Fig. 5 Graphic representation of the tetrahedral twist angles: 615 = 60.9° and 43.5°, for the minor (a) and
maijor (b) transition states, respectively.



Basis Set Supper Position Error (BSSE)
The BSSE for the 6-31+G(d) basis set (AEgsse=2.7 kcal/mol) obtained at OK in vacuum is about

an order of magnitude smaller than the BSSE computed using the 6-31G(d) basis set. In fact,
combining the 6-31G(d) with a different basis set on the metal center reduced the BSSE, but not
as significantly. In particular the 6-31G(d) was applied to all atoms except Cu for which two
different small-core effective core-potential (ECP) and corresponding basis sets were employed.
The BSSE calculated using the following levels of theory B3LYP/6-31G(d)[Cu-LL2DZ] (where
LL2DZ stands for Las Alamos LAN2DZ'?) and B3LYP/6-31G(d)[Cu-SRSC] (where SRSC
denotes Stuttgart RSC 1997 EPC'?) were AEgsse=8.0 kcal/mol and AEgsse=7.0 kcal/mol,
respectively. Hence using the 6-31+G(d) basis set not only reduces the BSSE but also is
recommended for ionic and/or species with unpaired electron(s) since this basis set includes

diffuse basis functions.
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MOLECULAR PROPERTIES
Images of the electrostatic potential, electrophilic, nucleophilic and radical FDS, for the major
and minor transition states in vacuum and dichloromethane are shown below.

SCF_Coulpot
0372

SCF_Coulpot
0.364

(b)

(©) | (d)

Fig. 7 Electrostatic potentials for the: a) major TS in vacuum, b) major TS in dichloromethane, and the c)
minor transition state in vacuum, and d) minor TS in dichloromethane. The isosurface for the electron
density was 0.03 au, and the color bar illustrates the value of the electrostatic potential.



& %
& P

(c) (d)

Fig. 8 Electrophilic MO FDS of the: a) major TS in vacuum, b) major TS in dichloromethane, and the c)
minor transition state in vacuum, and d) minor TS in dichloromethane. Iso values MO and ED are set to
0.05 and 0.003 au. The blue color indicates the most susceptible regions to be attacked by an

electrophile.
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() (d)

Fig. 9 Nucleophilic MO FDS of the: a) major TS in vacuum, b) major TS in dichloromethane, and the c)
minor transition state in vacuum, and d) minor TS in dichloromethane. Iso values MO and ED are set to
0.05 and 0.003 au. The blue color indicates the most susceptible regions to be attacked by a nucleophile.




(a) (b)
(c) (d)
Fig. 10 Radical FDS of the: a) major TS in vacuum, b) major TS in dichloromethane, and the c) minor

transition state in vacuum, and d) minor TS in dichlormorthane. Iso values MO and ED are set to 0.05
and 0.003 au. The blue color indicates the most susceptible regions to be attacked by a radical.



CARTESIAN COORDINATES

[CogHa5CUN2O3]" (Major TS)

0.00000000 0.00000000 0.00000000
1.27421500 0.45748700 0.38872600
2.31183200 -0.45012700 0.98344100
2.93609300 0.16960400 2.25621500
1.69784400 0.64694800 3.03623500
0.88071500 1.40712900 2.16166100
u -0.94393400 0.93043500 1.66215100
-2.75236900 0.04396800 1.73092100
-3.87874700 0.64631600 1.93500800
-4.98260000 -0.01963900 1.57321300
-4.54761700 -1.22658600 0.88155500
-3.05867000 -1.34627200 1.26394700
-2.45310000 -1.55050100 0.37700600
-2.73895200 -2.44671700 2.32972400
-1.24555300 -2.40766600 2.70586900
-0.60396800 -2.56247900 1.83064800
-1.02030100 -3.20645100 3.42140100
-0.96653500 -1.45859500 3.17708400
-3.03993500 -3.81995800 1.68964000
-2.45814000 -3.97146500 0.77164500
-4.09997500 -3.94893800 1.44311800
-2.77340600 -4.62334500 2.38506800
-3.57990100 -2.27156900 3.60934000
-3.36684000 -1.31861600 4.10680100
-3.34198300 -3.06940400 4.32141500
-4.65759100 -2.32424900 3.41725600
-4.70853900 -1.06120600 -0.18772200
-5.18252700 -2.04156900 1.22497200
-4.18278300 1.97567900 2.60247500
-2.96038600 2.84326500 2.82087400
-1.79506900 2.74388700 2.28730100
-1.01395300 3.95763000 2.66496200
-1.88322200 4.55898800 3.79211700
-3.17309300 3.89023800 3.63298700
-2.06519500 5.63016600 3.71664300
-1.52076900 4.31900800 4.79586800
-0.74463000 4.91167800 1.45601500
-2.04932000 5.48040000 0.86459900
-2.70615000 4.68392000 0.49640400
-1.81941500 6.13098200 0.01337300
-2.61349700 6.08385000 1.58522800
0.01652600 4.15103300 0.35299700
-0.60065600 3.35815900 -0.08491500
0.93256600 3.69677200 0.74487100
0.29196400 4.83881500 -0.45466000
0.14755200 6.06641600 1.96056100
-0.34254500 6.66979900 2.73376500
0.39250100 6.74227200 1.13357800

TITOIIIOIIIOOIIOOOZOO0OIIIIIOIIIOIIIOOIOCOOOOZOOOO0O0O00OO0O



ITITIIIIIIIITTOOOOIIIITOIIIOIIT

1.09221100
-0.04604600
-5.17533800
-4.75783000
-5.39276000
-6.10847600
-4.85440000
-4.16924100
-5.74196000
-5.15402000

1.15962900 -

1.98849500

3.89678000

5.04836500

5.24083400 -

3.79841400 -

3.73097300 -

3.42562600 -

5.81434000 -

5.78086700 -

4.75173300

5.95225000

3.38433400

4.29882700

3.08738600 -

1.85878700 -

5.69088600
3.62162500
2.78488900
2.97522700
3.74312000
2.22929800
1.66189800
1.13264800
1.04460600
2.59561400
0.21631200
1.29563400
1.35905400
1.22953500
0.29066600
0.83762100
1.85867200
0.87624600
0.59320600
0.66203300
1.64476600
1.76110100
2.32635100
1.25772500
0.62789600
1.42133400

2.37320000
3.04615000
1.71501900
0.72122700
2.19275300
1.60155100
3.97251000
4.64247400
3.81678700
4.45247500
3.45984200
3.87711700
1.94227100
2.95495400
3.06791100
3.08109800
2.68838400
4.11451600
3.95038600
2.18658200
3.92856300
2.63870000
1.98754300
0.92450100
0.22529600
1.21894300

1.63134300 1.39535200 -0.02713700
-0.20384200 -1.06554000 0.07543900
-0.52503300 0.52651700 -0.79788500

[CogH45CUN20O3]" (Minor TS)

C 0.00000000 0.00000000 0.00000000
-1.35624900 -0.62968200 0.11620200
-2.47425100 -0.25095900 -0.64881400
-3.20860100 -1.00945200 -0.90558400
-2.36380000 0.56231600 -1.36630000
-3.37034100 0.76448300 1.00551500
-1.72176100 0.27842000 1.91032300

C

c

ITIITITIIIITIOOOOOOOOOO0OTITIO

-0.50630300
0.62241600
1.94218800
3.06139200
2.33425800 -
1.00650500 -
1.16875900 -
0.21568900 -
2.14700200 -
2.89689600 -

0.94995800
0.22213600
1.05478200
0.11112500
0.83213300
1.11802000
1.90282500
1.47561700
0.31860700
1.74361500

3.89792500 0.64932400

3.46718100 -
1.85186000
2.14396700

0.46418800
1.90275500
1.48130900

2.15760400
1.39721900
1.37097500
1.85521200
2.82556200
2.10117300
1.34894100
2.77005200
3.77912200
3.05373000
2.31317900
1.01215200
2.06484900
0.38148900




ITOITITOIIITOITITITOIIIOOITITOOOZOOIIIIITIOIIIOIIIOOIOOOOZTITT

-0.54781900
-0.32048800
-5.31925500
-6.32536100

2.00462700
0.93163700
0.20951000
0.97777600

-7.53549400 0.50914100

-7.32982500
-5.85809400
-5.33516800
-5.66176700
-4.16176700
-3.62862900
-4.03344000
-3.67675600
-6.24469200
-5.77187700
-7.32743900
-6.06381700
-6.36620100
-5.94967900
-6.22690500
-7.44691500
-7.52113600
-8.06397700
-6.39003200
-5.05562200
-3.91043200
-2.99145500
-3.77311300

-0.73934000
-1.09745100
-1.35123200
-2.28455400
-2.52545700
-2.74786600
-3.39023700
-1.67132000
-3.55432800
-3.75711800
-3.49384500
-4.42354400
-2.02459800
-1.14942200
-2.88497000
-1.87676900
-0.53736900
-1.45097900

2.31592200

3.02208900

2.73362200

3.87699100

4.66103700

-5.13099500 4.14742000

-3.82029000
-3.43567000
-2.62000500
-3.85837300
-4.58435500
-3.55845300
-4.36825900
-1.94566400
-2.63062300
-1.05435300
-1.62536800
-1.61128000
-2.03751500
-1.29037200
-0.71362300
-2.06596000
-7.34658100
-6.98795700
-7.41390200
-8.34295800
-6.96932400
-6.30213700
-7.94241400

5.73836800
4.45001800
4.69829500
5.34981800
4.59697500
5.92026400
6.04801900
3.77659800
2.99923400
3.29154200
4.35855300
5.79047400
6.50924400
6.36032600
5.35614900
3.47381900
3.26998900
3.45222000
4.22589400
2.82808200
2.04729200
1.40880500
1.55757100

1.84591600
3.24289900
0.97055600
1.22574000
0.89361200
0.17333600
0.47258800
-0.45377300
1.47270100
1.72955900
0.79708000
2.39042500
2.21259700
0.81291500
-0.15648900
0.65495300
1.45465400
2.81841300
3.32948300
3.48219900
2.70804400
-0.88446400
0.54754100
1.93862300
2.07267600
1.56013700
1.84596100
2.92274400
2.80243500
2.76974000
3.94165900
0.56833000

-0.07825000
-0.40581800
-0.96426000

0.59527700

-0.46525300
-0.81972300
-0.04945800
-1.33685700

0.98468900
1.69441100
0.10562400
1.44284200
2.26542000
1.16312900
0.14482800
1.68654500
1.10617100
3.36173200
3.94958500
3.27849700



ITTITT

-7.09758100 2.99562900 3.88778300
-1.38128300 -1.61064000 0.58369700
-0.07214600 0.94637000 -0.55068100
0.63409200 -0.67285200 -0.59517900

Co7H45CuF3No0gS (tBu-SM, 4-coord)

ITTOITTOOIIOOOZOOIIIIIOIIIOIIIOOIOOOOZOOITITOOO

0.00000000 0.00000000 0.00000000
0.46916600 -1.47689400 0.11621500
1.88510400 -1.49416900 0.75972600
1.78512100 -1.14602300 1.80447700
2.22804800 -2.54101400 0.80414600
2.78704600 -0.68222700 0.06118300
4.60775900 -0.91992700 0.09264000
5.12249900 1.06921200 0.04967100
6.17520100 1.53386700 -0.51945400
6.14921800 2.83763000 -0.86201100
4.78262800 3.29285000 -0.62024700
4.17934200 2.19707700 0.28462600
3.19473400 1.87880100 -0.06675900

4.04989300
3.57206700
2.64529700
3.38407500
4.32255300
2.98395300
2.01843300
3.27199700
2.83151900
5.38392900
6.15338300
5.24259200
5.76634200

2.59150000
1.38205200
0.96568400
1.69416100
0.58735300
3.70487400
3.36717100
4.61639500
3.98546300
3.09611200
2.31769200
3.37114400
3.98476400

1.79313100
2.61881700
2.21300000
3.65353600
2.64552700
1.88913600
1.49228200
1.35016100
2.93783600
2.37844500
2.34993400
3.43020000
1.86090400

4.29173700 3.36322200 -1.59620700
4.84757800 4.28287900 -0.17065900
7.50188500 0.83903000 -0.77127500
7.35847600 -0.65877900 -0.96432100
6.31228800 -1.40036300 -0.86877000
6.69020300 -2.79784600 -1.23364400
8.23137800 -2.71152800 -1.25961600
8.50651200 -1.27527000 -1.28048100
8.70621400 -3.13785600 -2.14318100
8.68378900 -3.11380600 -0.35051800
6.00667500 -3.28979800 -2.54617300
6.39207900 -2.42374700 -3.76058100
6.07922000 -1.38189000 -3.62612400
5.89623000 -2.80087400 -4.66286500
7.47156500 -2.43403100 -3.95571400
4.47629400 -3.26400300 -2.36482200
4.09366800 -2.24493800 -2.24295300
4.16734700 -3.84800700 -1.48967100
3.98382400 -3.69469600 -3.24508300



ITTOOIIIIIIIIIITOOOOO0OOTMMTOWOIIIOIIIOIIIIO

—

6.44500300 -4.75079900 -2.78594100
7.52438600 -4.84248400 -2.95750800
5.94037500 -5.15409700 -3.67176100
6.18384500 -5.38953200 -1.93324200
6.37167900 -3.45027900 -0.41819000
8.19007300 1.43226800 -2.02856500
7.57141300 1.30338400 -2.92321000
9.14793300 0.93465600 -2.19262200
8.36545000 2.50014300 -1.88447800
8.39560300 1.08098200 0.48577200
7.96382200 0.60634400 1.37128900
8.49509700 2.15667100 0.66020100
9.38989200 0.66233500 0.30815800
4.83386800 -2.40223500 1.51573500
6.07797300 -2.37427000 2.38615100
5.40195500 -3.03988800 4.00778700
6.38747100 -3.11618000 4.91626800
4.88072600 -4.26540100 3.83914200
4.44284700 -2.23074400 4.48800700
6.53564300 -1.00525800 2.69207900
7.10301900 -3.34724300 1.97033700
0.48268000 -2.20316600 -1.26347700
-0.05681300 -3.62043100 -0.99666100
-1.12919300 -3.38638700 0.08056800
-0.47475100 -2.34824300 1.01372500
-1.20996200 -1.74486100 1.55903600
0.12236500 -2.86806500 1.77593100
-1.42663100 -4.30151800 0.60679000
-2.03204900 -2.96791900 -0.38537600
0.73731500 -4.26616800 -0.59557300
-0.44726200 -4.10671300 -1.89908500
1.48345600 -2.19494200 -1.70842400
-0.18696100 -1.68785300 -1.96353200
0.70414300 0.53679900 -0.64597900
0.08212500 0.45312700 1.00159700
-1.40300300 0.20703600 -0.50358200
-1.73433500 0.89406400 -1.60292300
-2.77022500 1.02191900 -1.90878000
-0.97840900 1.35644400 -2.23636500
-2.20564400 -0.23211900 0.09172200

CosHasCu N203]+ (tBU-Pdt-l) Major

OO0OO0OIITOOOO0O0

0.00000000 0.00000000 0.00000000
1.31579900 0.53961900 0.50373300
2.39277300 -0.45132600 0.94661500
3.06164500 0.22049000 2.16688600
1.81914500 0.80290100 2.85572500
1.28820700 0.03634800 3.43609500
2.03399400 1.65781400 3.50545400
0.96566600 1.27494500 1.77936700
4.07496100 1.33976300 1.76681500
5.19429300 1.26697600 2.81900000




ITITIOIIITOOITOOOZOOIIIIIOIIIOIIITOOIOOO0OOZOIIIIIIIIIIIOON

5.33002700 -0.24299500 3.06854200
3.86894700 -0.73716800 3.10172800
3.76994500 -1.78514900 2.79780500
3.48070700 -0.66947300 4.12754200
5.87706700 -0.48599300 3.98545800
5.87043800 -0.70840300 2.23356300
4.88596200 1.77455000 3.74421500
6.12358100 1.73961700 2.48376100
3.60398300 2.32775100 1.70085100
4.49434500 1.11879500 0.77612500
3.09853600 -0.66764300 0.13824300
1.92702600 -1.39876900 1.24733800
1.72874800 1.31219300 -0.15244100

u -1.10315400 0.93014400 1.40814300

-2.80168000 -0.16143000 1.64371800
-3.96516200 0.36128000 1.84218600
-5.02392900 -0.39192700 1.51244600
-4.50421800 -1.58330900 0.84921600
-3.00662500 -1.58101700 1.22044500
-2.39065300 -1.76697600 0.33671700
-2.59964900 -2.61535600 2.32218000
-1.11089700 -2.44671900 2.68216500
-0.46666000 -2.59044700 1.80747500
-0.82150100 -3.19285500 3.43087500
-0.90396400 -1.45667400 3.10350400
-2.80125600 -4.03015900 1.73682500
-2.21502900 -4.17249600 0.82030700
-3.85054600 -4.24514900 1.50392500
-2.47247800 -4.78523300 2.45936500
-3.44325600 -2.45510300 3.60209400
-3.30235800 -1.46853800 4.05814400
-3.13837900 -3.20192300 4.34348300
-4.51491200 -2.59987100 3.42355600
-4.68488600 -1.46018500 -0.22259300
-5.07363900 -2.43337600 1.22150300
-4.35057500 1.69279300 2.45986900
-3.17252100 2.60574500 2.74292600
-1.97791200 2.57139500 2.26249800
-1.27878300 3.82458200 2.68037300
-2.22076500 4.35704500 3.78278200
-3.46656200 3.63080700 3.55544200
-2.45168300 5.41949800 3.72246400
-1.88691500 4.11136200 4.79507300
-1.01978300 4.81545900 1.49813100
-2.33294800 5.32124600 0.86912300
-2.92442800 4.49913500 0.45033100
-2.10825000 6.00952500 0.04683900
-2.96161600 5.86807400 1.58143400
-0.17338100 4.13029900 0.40831200
-0.71730900 3.30820600 -0.07181000
0.75964200 3.72860700 0.81690000
0.08067500 4.85380400 -0.37463100



-0.21678200
-0.76877300

0.01829700

0.73332900
-0.30744800
-5.30146500
-4.81908600
-5.58757200
-6.20350500
-5.10597100
-4.45490800
-5.96388200
-5.46152400

6.00910500
6.56747900
6.71501400
5.68105200
3.54507700
2.45167900
2.63553700
3.41105800
1.85913700
1.38971600
0.88969600
0.74546100
2.32269500

2.05977000
2.82515500
1.25557700
2.49974500
3.09873500
1.48498500
0.51974000
1.92299900
1.31778600
3.78738500
4.51180000
3.58431500
4.22854200

ITIIITITOIIITOIIIITO

-0.09479500 -1.08563100 0.05736800
-0.31475000 0.37387000 -0.97858400
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