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A series of (salen)tin(ll) and (salen)tin(IV) complexes was synthesized. The (salen)tin(IV) complexes, (salen)SnX,
(X = Brand I), were prepared in good yields via the direct oxidation reaction of (salen)tin(ll) complexes with Br,
or l,. (Salen)SnX; successfully underwent the anion-exchange reaction with AgOTf (OTf = trifluoromethanesulfonate)
to form (salen)Sn(OTf), and (salen)Sn(X)(OTf) (X = Br). The (salen)Sn(OTf), complex was easily converted to any
of the dihalide (salen)SnX, compounds using halide salts. All complexes were fully characterized by 'H NMR
spectroscopy, mass spectrometry, and elemental analysis, while some were characterized by °C, °F, and 1°Sn
NMR spectroscopy. Several crystal structures of (salen)tin(ll) and (salen)tin(IV) were also determined. Finally, both
(salen)tin(ll) and (salen)tin(IV) complexes were shown to efficiently catalyze the formation of propylene carbonate
from propylene oxide and CO,. Of the series, (3,3',5,5'-Br,-salen)SnBr,, 3i, was found to be the most effective
catalyst (TOF = 524 h™Y),

Introduction strated for a wide range of salen ligand backbones, especially
for those that are very soluble in organic solvents. In addition,
for (salen)Sn(IV) complexes the choice of anionic ancillary
ligands has often been limited to chloride and iodide.

We have been interested in exploring metal salen com-

Salen ligandshave been used extensively in the prepara-
tion of various complexes of transition and main group
metals?® In part, this is because salen ligands are easily
accessible and can stabilize multiple oxidation states of a ) ) . . .
single metaf Tin salen complexes are one such example PI€XeS as Lewis acid catalysts in the prepa_ratlog of cyclic
where the salen ligand system can coordinate to both tin(ll) cr?rbonare_s via tge Cy(|:|0addItIOﬂ ofl(g‘,(b ep?xtljdehé : W'thd
and tin(IV) centers, allowing for a potential modulation of thiS goal in mind, (salen)Sn complexes of both Il and IV
metal Lewis acidity within a single ligand framework. oxidation states are worthy targets for investigation. Although

Although there have been several reports on the preparatio-€is acidic tin(ll) and tin(lV) complexes have begn;iown
of (salen)Sn(Ilf1* and (salen)Sn(IV2 complexes, the to be quite useful in organic synthéldisind catalysid

generality of many of these syntheses has not been demon- g agustin, D.; Rima, G.; Gonitzka, H.; Barrau,JJ.0rganomet. Chem.
1999 592, 1-10.
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(salen)tin complexes have had only limited use as cata-amincN,N-bis(5-bromosalicylidene)y ((S,9-(+)-1,2-cyclohex-
lysts18-20 Specifically, (salen)tin complexes have not been anediamindN,N-bis(3,5-dibromosalicylidene), (1,2-ethanediamino-

examined for their catalytic activity in the formation of cyclic N.N-bis(3-methoxysalicylidene)), and1,2-ethanediamin®l,N-
carbonates from epoxides. bis(3,5-dibromosalicylidene)) were synthesized from the cor-

. . responding salicylaldehydes and diamines following literature
In this paper, we report a convenient and general Str{’uegyprocedure§.1v22 Dichloromethane was dried over calcium hydride,

for. mgklng (salen)Sn(IV) complexes with a wide ra”ge of tetrahydrofuran (THF) and hexanes were dried over sodium/
anionic ligands. (Salen)Snfand (salen)Saican be readily  en;0phenone, and ethanol was dried over Mg(OB#) solvents
prepared in high yields by directly oxidizing (salen)Sn(ll) \ere distilled under nitrogen, collected in Strauss flasks, and
with iodin€® and bromine. Anion-exchange reactions then degassed before use. Deuterated dichloromethane was purchased
allow ready access to (salen)Sn(QJ {salen)Sn(OTf)(Br), from Cambridge Isotope Laboratories and distilled over calcium
and (salen)Sn@lWe have examined both (salen)Sn(ll) and hydride. Silica gel (Merck) was activated at 600 for 6 h to
(salen)Sn(lV) complexes for their catalytic activity in the remove surface hydroxyl groups before being used in the chroma-
coupling of CQ and propylene oxide as a function of the tography of (salen)Snglcomplexes. Ligande ((S,3-(+)-1,2-
ligand environment, oxidation state, and axial anions (in the cyclohexanediamind,N-bis(3,5-ditert-butylsalicylidene)) and all

case of Sn(IV)). Our results indicate that (salen)Sn com- other chemicals were purchased from Aldrich and used without

. . further purification.
pound; are a promising group of catalysts for the formation General Procedure for the Synthesis of 1ai. A mixture of
of cyclic carbonates.

the salenHligand (1 mmol), SnGI(189 mg, 1 mmol), NEt(0.28
mL, 2 mmol), and EtOH (510 mL) was heated at 8% for 10—
24 hin a sealed 50-mL Schlenk tube equipped with a Kontes 8-mm

General Information. *H and3C NMR spectra were recorded ~ PTFE valve. After cooling, the reaction mixture was transferred to
on either a Varian Inova 500 (499.773 MHz fi and 125.669 a 50-mL Schlenk flask, taken out of the glovebox, and attached to
MHz for 13C) or Varian Mercury 400 (400.178 MHz fdH and a Schlenk line. It was then filtered via cannula, washed with ethanol
100.576 MHz fof3C) spectrometefF NMR spectra were recorded (2 x 5 mL) and hexanes (& 5 mL), and dried in vacuo.
on a Varian Mercury 400 (376.503 MHz &) and°Sn NMR 1,2-EthanediaminoN,N’'-bis(3,5-ditert-butylsalicylidene) Tin-
spectra were recorded on a Varian Inova 400 (149.141 MHz for (Il) (1a). Orange solid, yield= 514 mg (84%). Anal. Calcd for
1195n) spectrometer, respectiveld NMR data are reported as  CsHagN2O,Sn: C, 63.07; H, 7.61; N, 4.60. Found: C, 62.80; H,
follows: chemical shift (multiplicity (s= singlet, d= doublet, t= 7.69; N, 4.70H NMR (CD:Cly): 6 8.67 (s, 2H), 7.44 (d, 2H]
triplet, q= quartet, m= multiplet, and b= broad), and integration). = = 2.4 Hz), 6.97 (d, 2H) = 2.4 Hz), 3.92 (m, 2H), 3.72 (m, 2H),
1H and 13C chemical shifts are reported in ppm downfield from 1.47 (s, 18H), 1.30 (s, 18H}*C NMR (CD.Cly): ¢ 167.8 CH=
tetramethylsilane (TMS¢ scale) with the solvent resonances as N), 163.5, 142.2, 137.6, 129.8, 128.1, 120.1, 56.1, 35.9, 34.4, 31.9
internal standard$1°Sn chemical shifts are reported in ppm from (C(CHs)3), 30.2 (CCHa)s). **%Sn NMR (CD:Cly): 6 —516.7.
an external (Ck),Sn standard, whilé¢°F chemical shifts are based EIMS: m/z 610.3 (Mf, 0.5), 595.2 (0.3), 492.4 (100), 259.2 (46),
on a CFC} external standard. Mass spectra were obtained from 231.2 (44). HREIMS Calcd for [§H46N20,Sn]": m/z 610.258.
the Mass Spectrometry Laboratory, University of lllinois (Urbana, Found: m/z 610.2587.
IL), or from the Analytical Services Laboratory of the chemistry 1-Methyl-1,2-ethanediaminoN,N'-bis(3,5-ditert-butylsali-
department of Northwestern University. Elemental analyses were cylidene) Tin(ll) (1b). Orange solid, yield= 491 mg (79%). Anal.
provided by Atlantic Microlab, Inc. (Norcross, GA). All reactions  Calcd for GsH4gN2O,Sn: C, 63.58; H, 7.76; N, 4.49. Found: C,
were carried out under a dry nitrogen atmosphere either in an inert-63.39; H, 7.91; N, 4.59H NMR (CD.Cl,): 6 8.20-8.14 (m, 2H,
atmosphere glovebox or by using standard Schlenk techniques,CH=N), 7.43 (q, 2H,J = 2.8, 3.2 Hz), 6.98 (q, 2H] = 2.8, 2.8
unless otherwise noted. Flash column chromatography was carriedHz), 4.05-3.75 (m, 2H), 3.63 and 3.39 (2 m, 1H), 1.47 (d, 3H,
out with 230-400 mesh silica gel purchased from Merck. = 6.0 Hz), 1.45 (s, 18H), 1.30 (s, 18H¥FC NMR (CD,Cly): ¢

GC analyses of the propylene carbonate reactions were carried168.9 CH=N), 168.2 CH=N), 166.3, 164.0, 163.8, 163.1, 142.6,
out on a Hewlett-Packard 5890A gas chromatograph equipped with 142.4, 142.3, 137.9, 137.8, 137.7, 130.0, 129.8, 129.7, 128.5, 128.3,
an FID detector and a 30-m HP-5 capillary column with a 0.32- 128.2, 120.6, 120.4, 120.1, 120.0, 62.4, 62.1, 61.9, 58.2, 35.8, 34.3,
mm inner diameter and a 0.25-mm film thickness. Method used: 31.7 (CCHa)3), 30.1 (CCHa)3), 19.4 CH3), 19.2 CHa). 119Sn NMR
initial time = 0 min, initial temperature= 50 °C, rate= 15 °C/ (CDCly): 6 —526.5. EIMS:m/z624.3 (M, 0.6), 609.2 (0.3), 506.4

Experimental Section

min, final time = 10 min, final temperature= 250 °C. (100), 273.2 (62), 238.2 (41). HREIMS Calcd for [Sad4gN,0;]
Materials. Schiff base ligands (1,2-ethanediamind},N-bis- m/z 624.2738. Foundm/z 624.2746.

(3,5-ditert-butylsalicylidene)), b (1-methyl-1,2-ethanediamino- 1,2-Benzenediaminod{,N’-bis(3,5-ditert-butylsalicylidene))

N,N-bis(3,5-ditert-butylsalicylidene))¢ (1,2-benzenediamini;N- Tin(ll) (1c). Red solid, yield= 332 mg (50%). Anal. Calcd for

bis(3,5-ditert-butylsalicylidene)),d ((R,R-(—)-1,2-cyclohexane-  CagHagN20,Sn3/,C;HsOH: C, 65.09; H, 7.36; N, 4.05. Found: C,
diaminoN,N-bis(3,5-ditert-butylsalicylidene)),f (1,2-ethanedi-  64.96; H, 7.07; N, 4.24H NMR (CD,Cl,): ¢ 8.41 (s, 2H), 7.56
(m, 4H), 7.42 (m, 2H), 7.08 (d, 2H] = 2.4 Hz), 1.53 (s, 18H),
(17) Harada, J.; Kimura, A.; Tagami, S.; Watanabe, J. P. (Idemitsu Kosan 1.36 (s, 18H)33C NMR (CD,Cl,): 0 164.4 CH=N), 162.2, 142.3,
Co., Ltd., Japan). Patent Application, Japan, Kokai, 1976. 139.9, 138.2, 131.4, 129.2, 129.1, 120.3, 118.0, 35.9, 34.5, 31.7

(18) |P-fér_|r_0|vr\‘/i.JApI:).L(ZI(?)g(i(.jla/Chlrex, Inc., USA). WO Patent Application, (C(CHa)s), 30.2 (CCH3)). 19n NMR (CDCl): 6 —501.4.

(19) Belokon, Y. N.; Petrosyan, A. A.; Maleev, V. |.; Savel eva, T. F,;

Grachev, A. V,; lkonnikov, N. S.; Sagiyan, A. 8uss. Chem. Bull. (21) Calligaris, M.; Randaccio, L. I8omprehengie Coordination Chem-

2002 51, 2086-2089. istry; Wilkinson, G., Ed.; Pergamon Press: London, 1987; Vol. 2, pp
(20) Kelkar, A. A.; Tonde, S. S.; Divekar, S. S.; Chaudhari, R. V. (Council 715-738.

of Scientific and Industrial Research, India). US Patent Application, (22) Jacobsen, E. N.; Zhang, W.; Muci, A. R.; Ecker, J. R.; Deng].L.

U.S. Pat. Appl. Publ2002. Am. Chem. Sod 991, 113 7063-7064.
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EIMS: m/z 658.2 (M", 22), 643.2 (12), 540.4 (50), 446.1 (17),
323.2 (73), 119.1(100). HREIMS Calcd for {§146N.O,Sn]": m/z
658.2581. Foundm/z 658.2588.
(R,R-(—)-1,2-CyclohexanediaminoN,N’'-bis(3,5-ditert-butyl-
salicylidene) Tin(ll) (1d). Orange crystalline soli.NMR data
match the literature report.
(S,9-(+)-1,2-CyclohexanediaminoN,N'-bis(3,5-ditert-butyl-
salicylidene) Tin(ll) (1e). Orange solid, yield= 620 mg (93%).
Anal. Calcd for GgHsoN,O,Sn: C, 65.17; H, 7.90; N, 4.22.
Found: C, 65.09; H, 7.95; N, 4.284 NMR (CD,Cly): 0 8.18 (s,
1H, Jsn-n = 12 Hz), 8.11 (s, 1HJsp-n = 13.6 Hz), 7.46 (d, 1H,
J= 2.8 Hz), 7.43 (d, 2HJ) = 2.4 Hz), 7.06 (d, 1H) = 2.8 Hz),
6.96 (d, 1H,J = 2.4 Hz),~3.57 (m, 1H),~3.14 (b, 1H),~2.53
(b, 1H),~2.30 (m, 1H),~2.06 (M, 2H),~1.61 (m, 2H), 1.49 (s,
18H), 1.33 (s, 9H), 1.32(s, 9HYC NMR (CD,Cly): 6 167.1 CH=
N), 163.7, 163.2, 161.80H=N), 142.2, 142.0, 137.5, 137.3, 129.8,

m/z1101.2. Found:nvz 1101.6 [M]" with perfect isotopic pattern

simulation for G4Hg3sN4O4Sn (see Supporting Information).
General Procedure for the Synthesis of 2a and 2&nCl, (0.26

g, 1 mmol) was added to a GHI, solution (10 mL) of salenHa

or e (1 mmol), and NEf (0.202 g, 2 mmol), in a 50-mL Schlenk

flask equipped with a magnetic stirbar under nitrogen. After stirring

for 12 h, the reaction mixture was transferred to a silica gel column

kept under nitrogen and eluted with @E,. Only the yellow

fraction was collected and the solvent was removed in vacuo.
1,2-EthanediaminoN,N'-bis(3,5-ditert-butylsalicylidene) Tin-

(IV) Dichloride (2a). Pale yellow solid, yield= 102 mg (15%).

Anal. Calcd for G,H4CIoN-O,Sn: C, 56.45; H, 6.82; N, 4.12.

Found: C, 56.61; H, 6.85; N, 4.17d NMR (CD,Cl,): ¢ 8.30 (s,

2H, Jsn-n = 43.0 Hz), 7.67 (d, 2H), 7.14 (d, 2H,= 2.4 Hz), 4.20

(s, 4H), 1.50 (s, 18H), 1.35 (s, 18H¥C NMR (CD:Cly): 6 171.2

(CH=N), 163.9, 142.8, 140.6, 132.9, 130.3, 117.4, 52.3, 35.8, 34.3,

129.3,128.6, 128.5, 120.2, 119.8, 66.4, 64.5, 36.0, 35.8, 34.4, 31.831.5 (CCHa)3), 29.8 (CCH3)3). 119Sn NMR (CD,Cly): 8. —595.5.

(C(CHa)3), 30.7 (CCH3)3), 30.2, 27.6, 25.3, 24.8°Sn NMR (CDy-
Clp): 6 —521.5. FABMS Calcd:m/z 663.5. Found:m/z 664.2
(M7).

1,2-EthanediaminoN,N'-bis(5-bromosalicylidene) Tin (II)
(1f). Orange solid, yield= 498 mg (77%). Anal. Calcd for {gH;o-

BroN,O,Sn: C, 35.41; H, 2.23; N, 5.16. Found: C, 35.48; H, 2.28;

N, 5.31.*H NMR (CD.Cl,): ¢ 8.08 (s, 2H), 7.35 (dd, 2H); =
2.4 Hz,J,=9.6 Hz), 7.23 (d, 2HJ; = 2.4 Hz), 6.76 (d, 2HJ, =
9.6 Hz), 4.06 (m, 2H), 3.67 (m, 2H). EIMSmz 542 (M", 100),
426 (20), 344 (58), 316 (46), 304 (44).

(S,9-(+)-1,2-CyclohexanediaminaN,N’'-bis(3,5-dibromosali-
cylidene) Tin(ll) (1g). Orange solid, yield= 863 mg (96%). Anal.
Calcd for GoH16BraN-O>Sn: C, 31.83; H, 2.14; N, 3.71. Found:
C, 32.05; H, 2.22; N, 3.68H NMR (CD.Cly): 6 8.18 (s, 1H),
8.09 (s, 1H), 7.98 (s, 1H), 7.75 (s, 1H), 7.32 (d, THF 2.4 Hz),
7.20 (d, 1H,J = 2.4 Hz), 3.05 (m, 2H), 2.341.53 (m, 8H).
EIMS: m/z 753.6 (M, 3), 637.8 (43), 358.9 (100), 279.9 (33),
183 (8).

1,2-EthanediaminoN,N'-bis(3-methoxysalicylidene) Tin (l1)
(1h). Orange solid, yield= 509 mg (96%). Anal. Calcd for
CigH18N204SNn: C, 48.58; H, 4.08; N, 6.29. Found: C, 48.16; H,
4.32; N, 6.281H NMR (CD.Cly): ¢ 8.16 (s, 2H), 6.90 (d, 2H]
= 7.6 Hz), 6.76 (d, 2HJ) = 6.8 Hz), 6.60 (M, 2HJ = 7.6 Hz),
4.05 (m, 6H), 3.68 (m, 4H). EIMSm/z 446.2 (M, 100), 417.2
(8), 268.1 (48), 225 (8), 162.2 (12).

1,2-EthanediaminoN,N'-bis(3,5-dibromosalicylidene) Tin (II)
(1i). Orange solid, yield= 286 mg (77%). Anal. Calcd for {gH;0-
BrsN,0,Srr/,C;HsOH: C, 28.31; H, 1.82; N, 3.89. Found: C,
28.27; H, 1.69; N, 4.22'"H NMR (CD,Cl,): 6 8.28 (s, 1H), 8.10
(s, 1H), 7.76-7.25 (m, 4H), 3.04 (s, 4H). EIMSm/z 699.6 (M,
98), 621.7 (18), 421.8 (100), 395.7 (82), 198.9 (98).

Isolation of the Bis Ligand Complex Bis[1,2-ethanediamino-
N,N'-bis(3,5-ditert-butylsalicylidene)] Tin(ll) (1a'). Complexla

FABMS Calcd: m/z 644.9. Found:m/z 645.1 ([M — CI]*).

(S,9-(+)-1,2-CyclohexanediaminaN,N’'-bis(3,5-ditert-butyl-
salicylidene) Tin(lV) Dichloride (2€). Yellow solid, yield= 106
mg (20%). Anal. Calcd for &Hs,Cl,N,O,Sn%/,CH,Cl,: C, 56.43;

H, 6.88; N, 3.61. Found: C, 56.43; H, 6.85; N, 3.6A NMR
(CDCly): 6 8.16 (s, 2HJsn-n = 44.0 Hz), 7.61 (d, 2H) = 3.6
Hz), 7.06 (s, 2HJ = 3.2 Hz), 4.02 (m, 2H), 2.56 (m, 2H), 2.12
(m, 2H), 1.53 (m, 4H), 1.49 (s, 18H), 1.32 (s, 18H)C NMR
(CDCl): 6 167.9 CH=N), 163.7, 142.7, 141.1, 132.8, 131.3,
117.9, 62.7, 54.6, 36.0, 34.6, 31.5 @F{s)3), 29.9 (CCH3)3), 27.0,
24.0.1195n NMR (CDCly): 0 —593.9. FABMS Calcd:nvz 699.0.
Found: m/z 700 ([M — CI]™).

General Procedure for the Synthesis of 3ai. Br, (26 uL, 0.5
mmol) was added to a G&l, solution (10 mL) of the correspond-
ing (salen)Sn(Il) complexia—i (0.5 mmol), in a 50-mL Schlenk
flask equipped with a magnetic stirbar under nitrogen. After stirring
for 12 h, the reaction mixture was concentrated to near dryness.
Hexanes (10 mL) was added, and the resulting mixture was allowed
to stir for an additional 24 h. The reaction mixture was filtered
via cannula; the solid residue was washed with hexanes (®
mL) and dried under vacuum.

1,2-EthanediaminoN,N'-bis(3,5-ditert-butylsalicylidene) Tin-
(IV) Dibromide (3a). Yellow solid, yield= 362 mg (94%). Anal.
Calcd for Q2H4GBr2N2028n-CH2C|2: C, 49.51; H, 5.99; N, 3.60.
Found: C, 49.55; H, 5.91; N, 3.681 NMR (CD,Cl): 6 8.25 (s,
2H, Jsp-n = 39.5 Hz), 7.67 (s, 2H), 7.13 (d, 2H,= 2.4 Hz), 4.18
(s, 4H), 1.50 (s, 18H), 1.34 (s, 18HFC NMR (CDCl,): 6 170.9
(CH=N), 162.9, 142.4, 140.9, 132.9, 130.5, 117.2, 51.8, 35.8, 34.4,
31.3 (CCH3)3), 29.8 (CCH3)3). 119Sn NMR (CD:Cly): 6 —719.1.
FABMS Calcd: m/z 689.3. Found:nvz 689.3 ([M — Br]™).

1-Methyl-1,2/-ethanediaminoN,N'-bis(3,5-ditert-butylsali-
cylidene) Tin(IV) Dibromide (3b). Yellow solid, yield= 352 mg
(90%) Anal. Calcd for @g,H4gBr2Nzozsﬁ1/4CH2C|2: C,49.68; H,

(200 mg) was dissolved in THF (5 mL) in a 50-mL Schlenk flask 6.09; N, 3.49. Found: C, 49.66; H, 6.15; N, 3.551 NMR
equipped with a septum that had been punctured with several holes(CDCl3): 6 8.20 (s, 2HJsy-+ = 40.0 Hz), 7.63 (s, 2H), 7.05 (d,
The reaction was allowed to stir for 5 days under a static atmosphere2H, J = 11.5 Hz), 4.53 (m, 1H), 4.03 (m, 2H), 1.67 (d, 3B=

of nitrogen over which time the color of the solution changed from 6.5 Hz), 1.52 (s, 18H), 1.32 (s, 18H}C NMR (CDCk): 6 171.4
orange to yellow-green, and a white precipitate appeared in the (CH=N), 169.5, 142.9, 142.8, 141.2, 133.3, 133.1, 131.3, 130.8,
reaction flask. The mixture was cannula-filtered into another 117.6, 58.0, 56.0, 36.0, 34.6, 31.5 (E{3)3), 30.0 (CCH3)3), 17.3
Schlenk flask. The yellow-green filtrate was dried in vacuo, and (CH3). 1°Sn NMR (CDClp): 6 —714.6. APCIMS (MeCN)
the residue obtained was then recrystallized in benzene/hexanes t€alcd: m/z 703.2. Found:m/z 703 (M — Br] ).

yield product as a pale yellow-green solid (92 mg, 51%)NMR
(CD,Clp): & 13.69 (s, 2H, OH), 8.40 (s, 4H), 7.36 (d, 4H), 7.09
(d, 4H), 3.92 (s, 8H), 1.40 (s, 36H), 1.27 (s, 36HL NMR (CD»-

Cly): 6 167.9 CH=N), 158.2, 140.5, 136.7, 127.3, 126.4, 118.21,

60.1, 35.5, 34.6, 31.8 (CH3)3), 29.7 (CCHa)3). FABMS Calcd:

1,2-BenzenediaminaN,N’-bis(3,5-ditert-butylsalicylidene)
Tin(1V) Dibromide (3c). Orange-red solid, yieles 368 mg (90%).
Anal. Calcd for GgHaeBroN-O,Sn1/,CH,Cl,: C, 47.77; H, 5.24;
N, 2.97. Found: C, 47.67; H, 5.24; N, 3.2 NMR (CD,Cl,): 6
8.78 (s, 2HJsn-n = 39.2 Hz), 7.84 (q, 2H) = 3.4, 3.2 Hz), 7.76
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(d, 2H,J = 2.4 Hz), 7.60 (g, 2HJ = 3.4, 3.2 Hz), 7.29 (d, 2H]
= 2.4 Hz), 1.53 (s, 18H), 1.36 (s, 18H¥C NMR (CD,Cl): 6

164.7 CH=N), 163.8, 143.1, 141.9, 135.2, 133.0, 132.0, 130.2,

117.6, 117.3, 36.0, 34.7, 31.4 (@3)s), 30.0 (CCH3)3). 11°Sn
NMR (CD,Cl,): 6 —720.4. APCIMS (MeCN) Calcdm/z 737.4.
Found: 737 ([IM— Brt]).
(R,R)-(—)-1,2-CyclohexanediaminoN,N’-bis(3,5-ditert-butyl-
salicylidene) Tin(lV) Dibromide (3d). Yellow solid, yield= 91%.
Anal. Calcd for GgHsBroN,O.SnCH,Cl,: C, 52.06; H, 6.32; N,
3.36. Found: C, 51.97; H, 6.27; N, 3.484 NMR (CD.Cly): ¢
8.15 (s, 2HJsn-n = 43.6 Hz), 7.64 (d, 2HJ) = 2.8 Hz), 7.16 (d,

2H,J = 2.4 Hz), 4.09 (m, 2H), 2.54 (m 2H), 2.08 (M, 2H), 1.62

(b, 4H), 1.48 (s, 18H), 1.33 (s, 18HFC NMR (CD,Cl,): 6 167.5

(CH=N), 163.0, 142.5, 140.9, 132.8, 131.2, 117.3, 61.9, 36.0, 34.7,

31.6 (CCH3)s), 30.0 (CCH3)3), 27.0, 24.1, 19.21°Sn NMR (CDy-
Cly): 6 —711.8. APCIMS (MeCN) Calcdm/z 743.4. Found:m/z
744 ([M-Br]").
(S,9-(+)-1,2-CyclohexanediaminoN,N'-bis(3,5-ditert-butyl-
salicylidene) Tin(IV) Dibromide (3e). Yellow solid, yield= 375
mg (90%). Anal. Calcd for gHs,Br.N,O,Sn%/,CH,Cl,: C, 51.47;
H, 6.50; N, 3.31. Found: C, 51.46; H, 6.14; N, 3.26l NMR
(CD.Cly): 0 8.16 (s, 2HJsp-1 = 43.6 Hz), 7.65 (d, 2HJ = 2.0
Hz), 7.17 (d, 2HJ = 2.0 Hz), 4.09 (m, 2H), 2.54 (m 2H), 2.08
(m, 2H), 1.5-1.6 (b, 4H), 1.49 (s, 18H), 1.33 (s, 18HYC NMR

(CD.Cly): ¢ 167.5 CH=N), 163.0, 142.5, 140.9, 132.8, 131.2,

117.3, 61.9, 36.0, 34.7, 31.6 (CHl3)s), 30.0 (CCH3)3), 27.0, 24.1,
19.2.1195n0 NMR (CDClp): ¢ —709.7. FABMS Calcd:mVz 743.4.
Found: m/z 744 (M — Br]").
1,2-EthanediaminoN,N’'-bis(5-bromosalicylidene) Tin(IV) Di-
bromide (3f). Orange solid, yield= 255 mg (72%). Anal. Calcd
for ClGleBr4Nzozsn'l/zCHzC'z: C, 26.70; H, 1.77; N, 3.78.
Found: C, 26.37; H, 1.73; N, 3.754 NMR (DMSO-dg): ¢ 8.11
(s, 1H), 7.91 (s, 1H), 7.03 (s, 2H), 6.91 (d, 1H= 8.0 Hz), 6.82
(d, 1H,J = 8.8 Hz), 6.20 (d, 1HJ = 8.8 Hz), 6.05 (d, 1HJ = 8.8
Hz), 3.34 (s, 4H). EIMS:m/z 622.7 (IM — Br]*, 12), 541.7 (11),
358.6 (23), 198.8 (86), 131 (100).
(S,9-(+)-1,2-Cyclohexanediamino+,N'-bis(3,5-dibromosali-
cylidene) Tin(IV) Dibromide (3g). Yellow solid, yield= 372 mg
(81%). Anal. Calcd for GoH1eBreN.O,SnCH,Cly: C, 25.37; H,
1.83; N, 2.82. Found: C, 25.09; H, 1.75; N, 2.98.NMR (CD»-
Cly): 0 8.06 (s, 2H), 7.97 (d, 2H] = 2.4 Hz), 7.49 (d, 2H)]) =

2.4 Hz), 4.15 (m, 2H), 2.51 (m, 2H), 2.12 (m, 2H), 1.62 (m, 2H),

1.52 (m, 2H). APCIMS (CHCI,) Calcd: m/z 834.6. Found:nvz
834.8 (M — Br]").
1,2-EthanediaminoN,N'-bis(3-methoxysalicylidene) Tin(IV)
Dibromide (3h). Yellow solid, yield= 270 mg (90%). Anal. Calcd
for ClnggBr2N204Sn-1/20H2C|2: C, 34.37; H, 2.96; N, 4.34.
Found: C, 34.58; H, 2.84; N, 4.484 NMR (CD,Cl,): ¢ 8.26 (s,

1H), 8.24 (s, 1H), 7.13 (m, 1H), 6.92 (m, 4H), 4.19 (s, 4H), 3.94

(s, 6H). EIMS: m/z524.9 (IM — Br]*, 15), 444 (0.3), 268.9 (11),

240.9 (13), 162 (23).
1,2-EthanediaminoN,N'-bis(3,5-dibromosalicylidene) Tin(IV)

Dibromide (3i). Orange solid, yield= 286 mg (77%). Anal. Calcd

for C16H10BrsN-O>Sn: C, 22.44; H, 1.18; N, 3.27. Found: C, 22.36;

H, 1.12; N, 3.201H NMR (pyridineds): ¢ 8.38 (s, 1H), 7.94 (s,

1H), 7.69 (d, 1H,J = 2.5 Hz), 7.69 (s, 1H), 7.30 (s, 1H), 7.13 (s,

2H), 4.37 (s, 4H). EIMS:n/z 780.4 ([M — Br]*, 28), 699.6 (66),
621.7 (14), 421.7 (70), 395.7 (64), 198.9 (100).
General Procedure for the Synthesis of 4ae.1, (127 mg, 0.5
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remaining solid product was washed with hexanes(20 mL)
and dried under vacuum.
1,2-EthanediamineN,N'-bis(3,5-ditert-butylsalicylidene) Tin-
(IV) Diiodide (4a). Yellow solid, yield = 369 mg (84%). Anal.
Calcd for GoHa6l2N20,SY/4CH,Cly: C, 43.73; H, 5.30; N, 3.16;
Found: C, 43.67; H, 5.31; N, 3.28d4 NMR (CD.Cly): 9 8.17 (s,
2H, Jsn-n = 32.6 Hz), 7.68 (d, 2H) = 2.8 Hz), 7.13 (d, 2HJ =
2.8 Hz), 4.16 (s, 4H), 1.49 (s, 18H), 1.34 (s, 18HL NMR (CD,-
Cly): 6 171.0 CH=N), 162.3, 142.7, 141.1, 133.1, 130.7, 117.1,
51.0, 35.9, 34.7, 31.5 (CHy)3), 30.2 (CCHa)3). 11°Sn NMR (CDy-
Cly): 6 —805.1. FABMS Calcd:m/z 736.3. Found:m/z 737 ([M
= 11).
1-Methyl-1,2-ethanediaminoN,N’-bis(3,5-ditert-butylsali-
cylidene) Tin(lV) Diiodide (4b). Yellow solid, yield= 377 mg
(86%). Anal. Calcd for @gHygl 2N2O,StCH.Cl,: C, 42.44; H, 5.24;
N, 2.91. Found: C, 42.58; H, 5.21; N, 2.9 NMR (400 MHz,
CDCly): ¢ 8.12 (s, 2HJsn-1 = 34.6 Hz), 7.64 (s, 2H), 7.07 (d,
2H,J= 4.4 Hz), 4.67 (b, 1H), 4.08 (b, 1H), 3.91 (b, 1H), 1.64 (d,
3H), 1.51 (s, 18H), 1.28 (s, 18H¥C NMR (125 MHz, CRQCly):
0 170.6 CH=N), 163.0, 142.9, 142.8, 140.8, 133.1, 132.9, 130.7,
117.0, 56.9, 35.6, 34.4, 31.8, 31.5, 31.4QEE)3), 30.1 (CCHa)3),
16.7 CHy). 11%Sn NMR (CDCl,): 6 —1015.9. FABMS Calcdm/z
750.4. Found:mV/z 751 (M — 1]7).
1,2-BenzenediaminaN,N’-bis(3,5-ditert-butylsalicylidene)
Tin(IV) Diiodide (4c). Orange solid, yielé= 420 mg (92%). Anal.
Calcd for Q6H46I2N2028n-1/4C6H14: C, 48.20; H, 5.34; N, 3.00.
Found: C, 48.12; H, 35; N, 2.87H NMR (CD;0D): 9 9.55 (s,
2H, Jsp-1 = 38.4 Hz), 8.31 (q, 2H), 7.96 (d, 2H,= 2.0 Hz), 7.79
(m, 4H,J= 2.0 Hz), 1.62 (s, 18H), 1.47 (s, 18H}C NMR (CD;-
OD): 0 168.3 CH=N), 164.8, 144.3, 144.1, 136.4, 134.0, 133.5,
131.8, 119.5, 118.7, 36.7, 31.6 @3)s), 30.7 (CCH3)3). 1°Sn
NMR (CDsOD): ¢ —783.8. APCIMS (MeCN) Calcdm/z 784.4.
Found: m/z 785 (M — 1]7).
(R,R)-(—)-1,2-CyclohexanediaminoN,N’'-bis(3,5-ditert-butyl-
salicylidene) Tin(lV) Diiodide (4d). Yellow solid, yield = 262
mg (57%). Anal. Calcd for gHsal,N,O.Sn1/,CeH14: C, 48.69;
H, 6.19; N, 2.91. Found: C, 48.61; H, 6.11; N, 3.0H NMR
(CD.Cly): 0 8.09 (s, 2HJsp-1 = 39.3 Hz), 7.67 (d, 2H) = 2.4
Hz), 7.17 (d, 2H,J = 2.4 Hz), 4.25 (b, 2H), 2.56 (m, 2H), 2.09
(m, 2H), 1.6-1.9 (b, 4H), 1.50 (s, 18H), 1.35 (s, 18HJC NMR
(CDCly): 6 167.8 CH=N), 162.6, 142.9, 141.3, 133.2, 131.5,
117.1, 60.8, 35.9, 34.7, 31.5 (CH3)3), 30.2 (CCH3)3), 26.8, 24.0,
1195n NMR (CDClp): 0 —992.1. APCIMS (MeCN) Calcdm/z
790.4. Found:mV/z 791 (M — 1]7).
(S,9-(+)-1,2-CyclohexanediaminaN,N'-bis(3,5-ditert-butyl-
salicylidene) Tin(lV) Diiodide (4e). Yellow solid, yield = 408
mg (89%). Anal. Calcd for gHsalN,O,Sn/,CeH1s: C, 47.89;
H, 5.95; N, 2.98. Found: C, 48.11; H, 6.05; N, 2.98. NMR
(CDCly): 0 8.05 (s, 2HJsp-n = 39.4 Hz), 7.64 (d, 2HJ) = 2.4
Hz), 7.07 (d, 2HJ = 2.4 Hz), 4.25 (b, 2H), 2.57 (m, 2H), 2.11
(m, 2H), 1.66 (m, 4H), 1.52 (s, 18H), 1.33 (s, 18H)C NMR
(CDCl): o6 167.0 CH=N), 162.4, 142.7, 142.7, 140.5, 132.7,
130.8, 116.7, 60.3, 35.7, 34.5, 31.6 QE3)3), 30.2 (CCH3)3), 26.6,
23.8.11%5n NMR (CDClp): 0. —992.1. FABMS Calcd:m/z 790.4.
Found: m/z 791 (M — 1]7).
General Procedure for the Synthesis of 5ae. AQOTf (51.4
mg, 0.2 mmol) was added to a @GEl, solution (20 mL) of the
corresponding (salen)Sn(lV) comple8a—e, (0.1 mmol) in a 50-

mmol) was added to a hexanes (20 mL) slurry of the corresponding mL Schlenk flask equipped with a magnetic stirbar under nitrogen.

(salen)Sn(Il) complexita—e, (0.5 mmol) in a 50-mL Schlenk flask

The reaction mixture was allowed to stir for 12 h. The solution

equipped with a magnetic stirbar under nitrogen. The reaction was filtered via cannula into another 50-mL Schlenk flask, and the
mixture was allowed to stir for 18 h and filtered via cannula. The filtrate was evaporated in vacuo to give a solid product.
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1,2-EthanediaminoN,N'-bis(3,5-ditert-butylsalicylidene) Tin-
(IV) Bis(triflate) (5a). Pale yellow-green solid, yieler 430 mg
(97%). Anal. Calcd for GH4eFsN20sS,SY/4,CH,Cly: C, 44.23;
H, 5.04; N, 3.01. Found: C, 44.37; H, 5.11; N, 3.6A NMR
(CD.Cly): 6 8.60 (s, 2HJsn-n = 55.2 Hz), 7.78 (d, 2HJ) = 2.4
Hz), 7.22 (d, 2HJ = 2.4 Hz), 4.33 (s, 2H), 1.48 (s, 18H), 1.34 (s,
18H).119Sn NMR (CDCl,): 0 662.3.2% NMR (CDCl,): ¢ 54.52.
APCIMS (MeCN) Calcd: m/z 759.2. Found: nmv/z 760 (M —
OTf]™).

1-Methyl-1,2-ethanediaminoN,N’-bis(3,5-ditert-butylsali-
cylidene) Tin(IV) Bis(triflate) (5b). Pale yellow-green solid, yield
= 364 mg (79%). Anal. Calcd for $gHgFsN20sS,Sn3/,CH,Cly:
C, 43.55; H, 5.06; N, 2.84. Found: C, 43.41; H, 5.40; N, 2'84.
NMR (CDClg): 6 8.53 (d, 2HJsn-n = 56.2 Hz, 54.4 Hz), 7.74 (s,
2H), 7.15 (d, 2H,J = 11.2 Hz), 4.56 (b, 1H), 4.16 (b, 2H), 1.70
(d, 3H,J = 4.0 Hz), 1.50 (s, 18H), 1.34 (s, 18HJC NMR (CD-
Cly): 6 174.8 CH=N), 172.8 CH=N), 163.9, 163.3, 142.8, 142.4,

reaction mixture was allowed to stir for 12 h and filtered via cannula
into another 50-mL Schlenk flask. The filtrate was then evaporated
in vacuo to give a yellow solid product. Yiekd 145 mg (86%).
Anal. Calcd for GsH4eBrFsN-OsSn: C, 47.28; H, 5.53; N, 3.34.
Found: C, 47.49; H, 5.51 N, 3.3834 NMR (CD.Cl,): 6 8.43 (s,
2H, Jsp-y = 47.0 Hz), 7.72 (d, 2H) = 2.0 Hz), 7.17 (d, 2H) =

1.6 Hz), 4.22 (m, 4H), 1.49 (s, 18H), 1.33 (s, 18HL NMR (CD»-
Cly): 6 173.5 CH=N), 163.4, 142.8 142.0, 133.8, 130.9, 117.4,
51.8, 36.1, 34.7, 31.5 (CH3)3), 29.9 (CCHa)3). The quartet peak

of the triflate carbon was not observéd®Sn NMR (CD,Cly): o
—662.6.1% NMR (CD)Cly): ¢ 53.99. APCIMS (MeCN) Calcd:
m/z 689.2. Found:m/z 689 ([M — OTf]™).

General Procedure for the Synthesis of 2a, 2e, 4a, and 4e
from 5a and 5e. Either NaCl or Nal (5 equiv) was added to a
CH.CI/THF solution (1:1.5 v/v, 15 mL) of the corresponding
(salen)Sn(OTH, 5a or 5e (0.3 mmol), in a 50-mL Schlenk flask
equipped with a magnetic stirbar. The reaction mixture was allowed

134.6, 134.4, 131.3, 130.8, 120.5, 117.3, 117.0, 116.8, 57.1, 54.9,to stir for 18 h, and then hexanes (15 mL) was added to the mixture.

35.9, 34.6, 31.4 (QfH3)3), 29.7 (CCH3)3), 16.8. The quartet peak
of the triflate carbon was not observéd®Sn NMR (CD:,Cly): o
—659.8.19F NMR (CD,Cly): 6 55.1. APCIMS (MeCN) Calcdm/z
773.2. Found:n/z 773 ([M — OTf]").
1,2-BenzenediamindN,N'-bis(3,5-ditert-butylsalicylidene)
Tin(IV) Bis(triflate) (5c). Pale yellow-green solid, yieleE 344
mg (72%). Anal. Calcd for gHaeFsN20sS,Sn3/,CH,Cl,: C, 45.63,;
H, 4.70; N, 2.75. Found: C, 45.32; H, 5.03; N, 2.86l NMR
(CD.Clp): 0 9.11 (s, 2HJsp- = 56.0 Hz), 7.92 (g, 2HJ = 3.2
Hz), 7.88 (d, 2HJ = 2.4 Hz), 7.65 (d, 2H), 7.40 (d, 2H,= 2.0
Hz), 1.53 (s, 18H), 1.37 (s, 18H}3C NMR (CDCk): o 165.8
(CH=N), 164.7, 143.1, 142.2, 136.4, 135.4, 132.2, 131.8, 130.1,
129.9,117.3,117.2, 116.5, 116.3, 35.8, 34.5, 31.Z(G)s), 29.8
(C(CHa)3). The quartet peak of the triflate carbon was not observed.
11%5n NMR (CDCly): 6 —652.9.1% NMR (CD.Clp): o 54.42.
APCIMS (MeCN) Calcd: m/z 807.2. Found: m/z 807 (M —
OoTf]).
(R,R-(—)-1,2-CyclohexanediaminaN,N’'-bis(3,5-ditert-butyl-
salicylidene) Tin(IV) Bis(triflate) (5d). Pale yellow-green solid,
yield = 361 mg (75%). Anal. Calcd for $Hs,FsN.OsS,Sn: C,
47.39; H, 5.45; N, 2.91. Found: C, 47.34; H, 5.40; N, 2.88.
NMR (CDCly): 6 8.42 (s, 2H,Jsn-n = 60.0 Hz), 7.72 (s, 2H),
7.15 (d, 2H), 4.05 (b, 2H), 2.69 (m, 2H), 2.17 (m, 2H), 1.62 (b,
4H), 1.49 (s, 18H), 1.34 (s, 18H}3C NMR (CDCk): 6 171.5
(CH=N), 163.8,142.9, 142.5, 134.4, 131.3, 116.8, 62.5, 35.8, 34.5,
31.3 (CCH3)3), 29.6 (CCH3)3), 26.8, 23.5. The quartet peak of
carbon of triflate was not observed®sn NMR (CD.Cly): o
—663.5.1% NMR (CD,Cl,): ¢ 55.09. APCIMS (MeCN) Calcd:
m/z 812.6. Found:m/z 813 ([M — OTf]").
(S,9-(+)-1,2-CyclohexanediaminoN,N'-bis(3,5-ditert-butyl-
salicylidene) Tin(IV) Bis(triflate) (5e).Pale yellow-green solid,
yield = 313 mg (65%). Anal. Calcd for $Hs,FsN.OgS,Sn: C,
47.39; H, 5.45; N, 2.91. Found: C, 47.34; H, 5.40; N, 2.88.
NMR (CD,Clp): 0 8.09 (s, 2HJsp-n = 60.2 Hz), 7.67 (d, 2HJ
= 2.4 Hz), 7.17 (d, 2HJ = 2.4 Hz), 4.25 (b, 2H), 2.56 (m, 2H),
2.09 (m, 2H), 1.66-1.90 (b, 4H), 1.50 (s, 18H), 1.35 (s, 18HjC
NMR (CD,Cly): ¢ 171.8 CH=N), 163.6, 142.83, 142.75, 134.6,
131.6,117.1, 63.0, 36.1, 34.8, 31.4 QEl3)3), 29.8 (CCHa)3), 27.2,
23.9. The quartet peak of the triflate carbon was not obseH#&h
NMR (CD,Clp): 6 —661.5.2°F NMR (CD,Cly): ¢ 54.53. APCIMS
(MeCN) Calcd: m/z 812.6. Found:nv/z 813 ([M — OTf]").
1,2-EthanediaminoN,N'-bis(3,5-ditert-butylsalicylidene) Tin-
(IV) Bromide Triflate (6a). AgOTf (51.4 mg, 0.2 mmol) was
added to a ChCl, solution (20 mL) of3a (0.2 mmol) in a 50-mL
Schlenk flask equipped with a magnetic stirbar under nitrogen. The

The reaction was stirred for an additional 10 h and filtered via
cannula into another 50-mL Schlenk flask. The filtrate was then
evaporated in vacuo to give a solid product that was washed with
hexanes (2< 10 mL). Yield for 2a = 90%. Yield for2e = 87%.
Yield for 4a = 90%. Yield for4e = 80%.

Synthesis of 4a from 3aNal (5 equiv) was added to a GEll,
solution (10 mL) of3a (0.3 mmol) in a 50-mL Schlenk flask
equipped with a magnetic stirbar. The reaction mixture was allowed
to stir for 28 h and filtered via cannula into another 50-mL Schlenk
flask. The filtrate was collected and then evaporated in vacuo to
give a solid product that was washed with hexanes (20 mL).
Yield = 82%.

X-ray analysis of 1c, 1e, 2eCHCI 3, 3cCHCl,, 3eCgHgCH3,
and 5a2CHCl,. Single crystals oflL.c and 1e were obtained by
recrystallizing these compounds in ethanol. Single crystaBaof
CHCI; were grown in chloroform. Crystals @dc-:CH.Cl,, 3e
toluene and 5a:2CH,Cl, were grown from a solvent mixture
consisting of CHCl,/toluene/hexanes (2:1:1 viviv). X-ray diffraction
analyses were carried out on a Bruker SMART-1000 CCD area
detector with graphite monochromated Mo iKadiation. The data
were collected at-120 °C to a maximum 2 value of 56.8 in
0.3C oscillations with 25.0 s exposures. The crystal-to-detector
distance was 50.00 mm. The detector swing angle was 28Tb@
structure was solved by direct methods (SIR92) and expanded using
Fourier techniques (DIRDIF94). All non-hydrogen atoms of crystals
2aCHCl 3, 3cCH,Cl,, and5a-2CH,CI, were refined anisotropi-
cally. The carbon atoms of the phenyl backbone of cryktalere
refined isotropically, while the remaining non-hydrogen atoms were
refined anisotropically. The disorderéett-butyl carbon atoms of
crystals 1e and 3etoluene were refined with a group isotropic
thermal parameter. Hydrogen atoms were included in idealized
positions but not refined except for those on the disordéeetel
butyl methyl carbons. All calculations were performed using the
teXan crystallographic software package of Molecular Structure
Corporation. Further details on the crystal structure investigation
are available on request from the Director of the Cambridge
Crystallographic Data Centre, 12 Union Road, GB-Cambridge,
U.K., on quoting the full journal citation.

General Procedure for Carrying Out Catalytic Propylene
Carbonate Synthesis from Propylene Oxide and CQ In a
nitrogen-filled glovebox, propylene oxide (PO, 3.8 mL, 1700 equiv)
was transferred, using a 5-mL gastight syringe, to a 200-mL Parr
pressure reactor which was equipped with a magnetic stirbar. Next,
the DMAP cocatalyst (0.0195 g, 5 equiv) was added to the pressure
reactor, followed by (salen)Sn catalyst (0.032 mmol, 1 equiv).
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Figure 1. Two ORTEP views of the crystal structure of complexshowing the atom labeling scheme and the asymmetric subunit. Thermal ellipsoids are
drawn at 50% probability. Hydrogen atoms are omitted for clarity.

Figure 2. Two ORTEP views of the crystal structure of complexshowing the atom labeling scheme and the asymmetric subunit. Thermal ellipsoids are
drawn at 50% probability. Hydrogen atoms are omitted for clarity.

Finally, CH,CI, (0.5 mL) was added to the reactor, which was then Hobday and Smith have utilized the direct reaction of $nCl
sealed, brought out of the glovebox, and attached to at@@k  with salen ligands in the presence of sodium ethoxide in
via a Swagelok manifold that had been purged with carbon dioxide. refluxing ethanol, albeit with unsubstituted salen ligands.
Next, the reactor was pressurized to 100 psig of carbon dioxide, \when we applied this procedure to more substituted and
allowed to stand for 2 min, sealed, and disconnected from the carbonmore soluble salen ligands, mixtures of the desired product

dioxide manifold. The reactor was immersed in an oil bath that o
had been preheated to the desired temperature and allowed to stir":lnd the bis-ligand complex, (salenfip, were formed that

for 4 h and 15 min. Prior to immersing the reactor, it was wrapped were difficult to separgte (vide infra). Howeyer, the (salen)-

with a cloth so that the portion of the reactor not submerged in the SN(I) compoundsla—i could be obtained in moderate to

oil bath would remain heated at a constant temperature. When thed00d Yyields (56-93%) following the method reported by

desired reaction time had been reached, the reactor was quicklyParkin et al? In a closed system, stoichiometric amounts

removed from the oil bath and immediately cooled by immersing of the appropriate salen ligand, SpCind NE} as a base

it in a cold-water bath. The reaction mixture was transferred to a were combined in absolute ethanol (eq 1). We did not

round-bottom flask, and the excess PO and:Clklwere removed observe the formation of any bis-ligand complex under these

on a rotary evaporator. The crude product was analyzéti MR conditions.

spectroscopy (CDG) to determine if any polymer, PO, or GEl,

was present. In all cases where there was catalytic activity, R

propylene carbonate was the only product observed. Hence, the =N N= Snclz _ :'(Sn/N: _

yield of propylene carbonate was calculated by subtracting the R—_ )—oH HO{/H* W R‘Qo/ \o{%w o

catalyst and cocatalyst weights from the weight of the crude product. R? R? closed system R R?

Our prior experience with another catalyst system has shown that o o1

this method of determining yield is quite accurate When COMPAred b xe rmamer 2-ohansiyh &' 282+ 6 G Rm (0112 cydomonnedt R = K=

against that obtained using the isolated pure propylene carbonate &>z X =R =ty o FRIiZoere RIZrR-ome

(obtained via Kugelrohr distillation of the crude product mixtuire). o: R = (S.S)(+}1 2-cyclohexanediyl R' = R = Bu

For high-temperature experiments}00°C), a background reaction ) )

can occur, leading to a small amount of cyclic carbonate product. ~ (Salen)Sn(ll) compoundsa—i do not have sharp melting

Thus, the control experiments were carried out in the absence of Points and tend to decompose in air between 200 and 300

the catalyst/cocatalyst system and the yield of the background °C. These compounds are very air-sensitive in solution but

reaction was substracted from the total yield. are stable in the solid state. It was observed that under

nonanhydrous conditions a THF solution of compourad

slowly changed color from orange to pale yellow-green
Synthesis and Properties of (Salen)Sn(ll) Complexes.  concurrently with the formation of Sn(OK)s a white

Of the known methods for (salen)Sn(ll) synthesis, some haveprecipitate. The bis-ligand complex (salep&) (1a) was

relied on the use of alkali salen saitsyhile others have isolated from the resulting pale yellow-green solution and

used expensive tin precursors such as Sn[gjeS),N],.810 was identified by'H NMR and FABMS (eq 2). Further

Results and Discussion

4320 Inorganic Chemistry, Vol. 43, No. 14, 2004



(Salen)Tin Complexes

Table 1. Crystallographic Data folc, 1e 2a:CHCl3, 3c:CH2Cl,, 3etoluene, and5a-2CHCl»

param 1c le 2aCHCl3 3¢ CH.Cly 3etoluene 5a2CHCl,

chemical C36H 46N 2025” G;eH 5oN 2023” (}33H47C|5N 2028n Q;7H4gB I'2C|2N2025I"I C;sH s0BraN 2028n QgeH 50C|4F6N208525n
formula

fwt 659.48 663.51 799.70 902.20 915.46 1077.41
TIK 153(2) 153(2) 153(2) 153(2) 153(2) 153(2)
cryst syst triclinic orthorhombic orthorhombic _triclinic monoclinic orthorhombic
space group P1 P21212; P21212; P1 P2, C2lc
alA 9.692(2) 10.741(1) 9.9933(7) 11.419(2) 12.444(2) 12.778(3)
b/A 12.177(2) 23.4428(10) 12.6633(9) 13.057(2) 26.662(4) 26.361(6)
c/A 15.156(3) 26.698(4) 29.922(2) 13.845(3) 12.924(2) 13.618(3)
o/deg 88.413(3) 90 90 75.089(3) 90 90
pldeg 84.678(3) 90 90 76.771(3) 94.354(3) 90
yldeg 69.280(3) 90 90 89.064(3) 90 90
U/A3 1665.7(5) 6724.4(10) 3786.6(4) 1939.8(6) 4275.8(9) 4582.9(15)
z 2 8 4 2 4 4
ulem™t 7.99 7.92 10.57 29.0 25.1 9.5
Dealedg-cm 3 1.311 1.311 1.403 1.311 1.423 1.311
R12 0.049 0.050 0.039 0.049 0.039 0.046
wR2 0.107 0.093 0.088 0.107 0.070 0.086

aR1 = S||Fo| — |Fcll/3|Fol. PWR2 = [T (W(Fs2 — FAAISW(FAF Y2, wherew = 1/[2(F.2) + (0.0530P)2 + 0.30P] with P =

Table 2. Selected Bond Lengths (A) and Angles (deg) farand 1e

1c le
Sn1-N1 2.352(4) 2.325(9)
Sn1-N2 2.351(4) 2.379(7)
Sn1-01 2.107(3) 2.102(7)
Sn1-02 2.101(4) 2.124(8)
01-Sn1-N1 118.63(13) 78.1(3)
01-Sn1-N2 77.42(13) 119.4(3)
01-Sn1-02 79.97(13) 80.3(3)
N1-Snl1-N2 67.7(1) 69.0(3)
02-Sn1-N1 77.86(13) 120.9(3)
02—-Sn1-N2 121.5(1) 75.6(3)

exposure ofla to nonanhydrous conditions gave an amor-

phous white solid (which could be either Sn(Qldy SnO
xH,0) and salenklligand.

Crystal Structures of 1c and 1e.The crystal structures

of 1c (Figure 1) andLe (Figure 2) show that the Sn(ll) centers
lie above the respective N, planes in a geometry that is
roughly square pyramidal. This geometry was also observed
by Parkin and co-workers for a similar (salen)Sn(Il) com-
plex® Complex1c has a planar salen®,-base with the
Sn—N,0; plane distance being 1.097 A. On the other hand,
the cyclohexyl backbone of complée leads to a slightly
distorted salen pD, plane. Compledecrystallizes in a large
orthorhombic unit cellZ = 8) with each asymmetric subunit
containing two molecules oriented in a face-to-face manner.
The Sn(1)-N;O, plane distance was determined to be 1.100
A, and the Sn(2¥N,O, plane distance was measured as
1.085 A. The relevant crystallographic data for and 1e

are listed in Tables 1 and 2.

Synthesis and Properties of (Salen)Sn(IVV) Complexes.
The preparation of a few Lewis acidic (salen)Sn(lV)

+

White solid

SnO+xH,0)

(max Fo? + 2FA)/3.

complexes has been previously describet:?3Specifically,
the reaction of SnXand salenkleither with? or withou#?
a base has been reported. However, following the former
procedure whereby Sn{las added to a Ci€l, solution
of the corresponding salen ligand and BEeq 3), we
obtained2a and2e only in low yields (15-20%). Another

(Sn(OH), or  (2)

method for making dihalogenated (salen)Sn(IV) complexes
used the transmetalation reaction between (salen)Co and
SnX,.” Unfortunately, this procedure required the preparation
and handling of an air-sensitive Co(ll) precursor.

SnCI,, \ , /
OH HO o/ ! \o
d : CHZCIZ ¢

2a: R =1,2-ethanediyl
2e: R = S,S-(+)-1,2-cyclohexanediyl

A more facile method for synthesizing a (salen)Sn(1V)
compound was described by Barrau et al., where (salen)Sn
(salen= 1,2-ethanediamin®,N-bis(salicylidene)) was di-
rectly oxidized to (salen)Splwith 1,8 We successfully
expanded this direct oxidation methodology to incorporate
a variety of ligand environments with not only iodine but
also bromine as the oxidizing agent. Thus, (salen)gi3ar-

i, and (salen)Sn)4a—e, were easily obtained in high yields
(~90%) at room temperature (eq 4).

el " - >‘/
v
R’ 0" Yo~ )R —m—> ~o )
CH,Cl,
R? R? RT

. o R1 2 _t, 3:X=Br,or 4 X=1
a:R= 1,2-ethanediyl; R' = R?=Bu
b: R = 1-methyl-1,2-ethanediyl; R = R? = ‘Bu
¢: R =1,2-benzenediyl; R' = R? = ‘Bu
d: R= (R R)-(-)-1,2-cyclohexanediyl; R = R? = ‘Bu
e: R=(8,9)-(+)-1,2-cyclohexanediyl; R' = R? = Bu

f. R=1,2-ethanediyl; R' =Br; R =H

g: R=(S,9)-(+)-1,2-cyclohexanediyl; R1 =R?=Br
h: R= 1,2-ethanediyl; R' = H; R? = OMe

i: R=1,2-ethanediyl; R =R? = Br

We did not carry out the direct oxidation of (salen)Sn(ll)
compounds with Gldue to the toxicity of the latter reagent.

Attempted oxidation of (salen)Sn(ll) compounds with C4ClI

(23) Sakuntala, E. N.; Vasanta, E. R. Naturforsch., B: Anorg. Chem.,
Org. Chem.1985 40B, 1173-1176.
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Figure 3. Two ORTEP views of the crystal structure of compl2aCHCI3 showing the atom labeling scheme and the asymmetric subunit. Thermal
ellipsoids are drawn at 50% probability. Hydrogen atoms are omitted for clarity.

Figure 4. Two ORTEP views of the crystal structure of compi@stCHCl, showing the atom labeling scheme and the asymmetric subunit. Thermal
ellipsoids are drawn at 50% probability. Hydrogen atoms are omitted for clarity.

a good chlorinating agedt;?®yielded a mixture of insoluble
products. Other chlorinating agents such as;R(b yielded

However, this method was unsuccessful when applied to
complex3eto make the corresponding (salen)Sn(Br)(OTf)

inseparable product mixtures. Hence, we decided to accessomplex6e with the cyclohexyl backbone.

the (salen)SnGlusing an anion-exchange reaction instead

In contrast to (salen)Sn(ll) complexes, (salen)Sn(IV)

of an oxidative addition. We were also interested in bis- complexes are six-coordinate and are stable in air both in
triflate (salen)Sn(lV) complexes due to the well-known sojution and as solids. These complexes are only slightly
lability of the triflate ligand which could be advantageous sensitive to moisture over extended exposure. All (salen)-

in catalysis.

(Salen)Sn(OTH complexes5a—e were obtained from
either the corresponding (salen)gok (salen)SnBr com-
plexes by combining these starting materials with 2 equiv
of AgOTf at room temperature (eq 5). (Salen)Sn&m-
plexes2a and?2e could then be prepared in excellent yields
(90% and 87%, respectively) from (salen)Sn(QTénd

excess NaCl (eq 5). We note that direct exchange between

the dihalide (salen)Sn with other alkali salts is also possible.
(Salen)Srd complexestaand4ecould be synthesized from
either (salen)Sn(OTf)or (salen)SnBrwith excess Nal (eq
5).

ke i
Sn ey
4 AN P 2AgOTf Sn
Bu O x © Bu Bu o 1Mo By (5)
NaX oTf
Bu Bu X=Cl | By By

5
\2-ethanediyl

SX = a:R=1
3a-e: X =Br b: R = 1-methyl-1,2-ethanediy!
4a, 4e: X =1 c: R=1,2-benzenediyl
d: R = (R R)-(-)-1,2-cyclohexanediyl
2a,2e: X =Cl e: R = (S,5)-(+)-1,2-cyclohexanediy!

We were able to synthesize a mixed ligand complex
(salen)Sn(Br)(OTf)pa, from the corresponding (salen)SaBr
complex3a and 1 equiv of AgOTf at room temperature.

(24) Onoe, A.; Uemura, S.; Okano, MBull. Chem. Soc. Jpril976 49,
345-346.

(25) Taylor, P. H.; Wehrmeier, A.; Sidhu, S. S.; Lenoir, D.; Schramm, K.
W.; Kettrup, A. Chemospher@00Q 40, 1297-1303.
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Sn(IV) complexes reported herein do not have sharp melting
points and tend to decompose in air between 200 and 300
°C.

Crystal Structures of 2a-CHCI 3, 3c:CH,Cl,, 3etoluene,
and 5a2CH.ClI,. The crystal structures @a-CHCI; (Figure
3), 3¢:CH.CI, (Figure 4),3etoluene (Figure 5), andsar
2CH,CI; (Figure 6) show that the Sn(lV) atoms are at centers
of slightly distorted octahedrons formed by the anionic
ligands and the salen,®, plane. Unlike the corresponding
(salen)Sn(ll) complexes, the Sn(IV) centers are located in
the NO, plane of the salen ligand. Interestingly, the unit
cells of compounds3c and 3e contain different solvent
molecules even though their single crystals were grown in
similar solvent mixtures. This discrepancy is probably due
to the difference in packing forces as indicated by the
different space groups. The cocrystallized solvent molecules
could be removed from the crystal samples under vacuum.
Similar to that observed for compour@, the asymmetric
subunit of the unit cell of compoun8e also contains two
different molecules. The crystallographic dats8ofCH,Cl,
3etoluene and5a:2CH,CI, are listed in Tables 3 and 4.

IH NMR Spectra. (Salen)Sn(ll) complexes exhibit very
interesting spectroscopic characteristics. fnebutyl groups
in the'H NMR spectra ofla and1c appear as two singlets
around 1.5 and 1.3 ppm, close to the value observed for the
free ligands. The imine protons for each compound give rise
to singlets at 8.67 and 8.41 ppm, respectively. In addition,
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Figure 5. Two ORTEP views of the crystal structure of complgCsHsCH3 showing the atom labeling scheme and the asymmetric subunit. Thermal
ellipsoids are drawn at 50% probability. Hydrogen atoms are omitted for clarity.

Figure 6. An ORTEP view of the crystal structure of compl&a:2CH,Cl, showing the atom labeling scheme. Thermal ellipsoids are drawn at 50%
probability. Hydrogen atoms are omitted for clarity.

Table 3. Selected Bond Lengths (A) fatarCHCl3, 3c:CH.Cly, X-ray diffraction structural studies of two other members of
3etolueng and5a-2CH.Cl, this class of Sn(ll) compounds (Figures 1 and 2). The
2aCHCl3  3cCH.Cl,  3etoluene  5a2CHCl? unsymmetrical monomethyl backbone of compoublol
Sn1-N1  2.146(3) 2.148(5) 2.146(9) 2.108(2) results in two distinct resonances for the imine protons in
gﬂigi 533%?) 3‘33‘58% 3%)??3%?) i-ggggg its 'TH NMR spectrum. However, thi#H NMR spectrum of
Sn-02  2.010(3) 2.001(4) 2.003(8) 1.969(2) compoundlLe exhibits double resonances for each group of
Sni-X1  2.4134(11) 2.5862(11)  2.580(2) 2.143(2) chemically similar protons, suggesting a very unsymmetrical
Sni-X2 = 2.4188(11) 2.5626(11)  2.587(2) 2.143(2) structure which is possible if the Sn(ll) center lies above
aFor5a X1 = 03, X2= 04. the asymmetric bD, “plane” (Figure 2). This phenomenon

was also described by Parkin et'dland Barreau and co-
workers for similar asymmetric (salen)Sn(Il) complexes.
On the other hand, (salen)Sp¥ompounds3a—i, 4a—e,
5a—e, and6a all have simple'H NMR spectra presumably
due to a symmetrical solution structure where the Sn(lV)

Table 4. Selected Bond Angles (deg) f@a-CHCl3, 3c:CHCl>,
3etoluene and5a:2CH,Cl;

2aCHCI3 3¢ CH.Cl, 3etoluene 5a2CH.CI»?

01-Sn1-N1  87.38(12) 165.6(2) 90.7(3) 90.72(8)
01-Sn1-N2 164.63(12)  89.0(2) 167.8(4) 169.25(8)

01-Sn1-02 108.96(11) 105.1(2) 104.3(4) 99.83(11)  atom is coplanar with the salen,® coordination frame-
N1-Sn1-N2  77.26(13)  77.4(2) 77.2(4) 78.83(12) work. This hypothesis is further substantiated by our X-ray
82:221:“% 122:238%; 122:3% 12;:%%3)) 188:52 ((88)) diffraction studies of three members of this class of Sn(IV)
X1-Snl-X2 178.18(4) 178.87(4) 179.63(6) 177.33(11) compounds (Figures-36).

X1-Sn1-01  89.12(9) 88.99(13)  89.6(2) 92.68(7) 13C NMR Spectra. As expected, compounds—6a and

S Snt-02 gf;gg((%) g?:g(?f)lg) gle((zz)) gg.-fgg)) 1c—5c give simple spectra consistent with the symmetrical
X1-Sn1-N2  91.52(9)  935(1) 88.9(3) 91.88(8) salen backbone. In contrast, compoufids-5b, 1d—5d, and
X2—-Sn1-01  89.73(9) 90.92(13)  90.2(2) 85.60(7) le—5eall have complicated spectra due to the asymmetric
X2-Sn1-02  90.21(8)  89.46(13)  90.3(2) 92.68(7)

X2-Sn1-N1  90.27(10)  87.6(1) 88.5(2) 91.88(8) salen backbone. .
X2-Sn1-N2  89.96(9)  93.2(1) 91.2(3) 90.18(8) 11950 NMR Spectra. All compounds reported herein have

a single!'®Sn resonance with chemical shifts that agree well
with those observed in prior work for other (salen)Si(t)
there are only two sets of the aryl protons for each complex and (salen)Sn(I\)) complexes (Table 5). From a simple
in the range 6.97.6 ppm, suggesting that the structures of electronic argument, Sn(lV), being at a higher oxidation state,
these complexes have a perpendicular mirror plane thatshould be more Lewis acidic than Sn(ll) and, thus, should
bisects the backbone of the salen ligand. The protons of thehave!!®Sn chemical shifts further downfief§ However, the
ligand backbone forla appear as two sets of doublets, : —

(26) Harris, R. K.; Kennedy, J. D.; McFarlane, W.NiMR and the Periodic

indicating that the Sn(ll) center does not lie in the salg®N Table Harrie, R. K., Mann. B. E.. Eds.. Academic Press: London,
coordination plane, a conclusion which is also supported by 1978; pp 342-366.

a8For5a, X1 = 03, X2= 04.
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Table 5. 119Sn Chemical Shifts of (Salen)Sn Compounds were obtained as the uncharged Sn(Il) complex was not prone

to coordination by substrates. In another report, methanol

lkddmi . [Sn] was converted to acetic acid or methyl acetate in a one-pot
N ] 2 3 1 3 p synthesis with FeG] SnCh, and a salen ligan®. It is,

however, ambiguous whether the corresponding salen(Sn)
Sn" Sn"“ClL Sn“Br, Sn“I, Sn”  Sn" or salen(Fe) complex was formed in the process and what
(OTf), Br(OTY) the actual active catalytic species was. Additionally, the
5167 -595.5 -719.1 -805.1 -662.3 -662.6 synthesis of siloxypropane from an aryl trialkylsilyl ether
and R)-propylene oxide can be catalyzed by a variety of
complexes including Sn(ll or IV) inorganic salts and salen
ligands!® The formation of (salen)Sn compounds was not
reported, nor was the structure of the active catalyst species.
The catalytic coupling of propylene oxide (PO) and CO
to form cyclic carbonate (eq 6) is a reaction of great interest

R=
/ N\

P d [ ional d th I f th
g:% 5045  _ 7118 9921 6635 ue to its exceptional atom-economy and the value of the
Q

-526.5 - -7146 -10159 -659.8

-501.4 - -7204 -783.8 -652.9

cyclic carbonate produét. Although Sn(IV) catalysts have
been used for organic carbonate activaffddecarboxyla-
tion,3! and polymerizatiod? relatively little work has been
done to examine the use of tin-based catalysts for cyclic
carbonate synthesis. In 1976, Harddemployed tin(ll)

* Data cited from literaturé. alkoxide catalysts in the catalytic formation of cyclic

, , ) carbonates. However, the turnover frequency (TOF) was

chemical shifts for (salen)S»€omplexes are often higher quite low (~15 h%).17 Later on, Baba and co-workers
upfield than those for the corresponding (salen)Sn(ll) examined reaction 6 with a BBnl—Bu,PI catalyst systerf?
complexes. This observation can be attributed to an increaserqse researchers noted that neithesii nor BuP! alone
in the coordination number of the metain going from e any catalytic activity and hinted at the necessity

(5"?"9”_)5” to (salen)SnXwhich Ieads?;c]o arlligr;crease @n N of a Lewis acid/Lewis base complex in the cycloaddition of
shielding of up to several hundred ppfThe™'*Sn chemical oxiranes to heterocumulen&s®® Given our prior success in

shif_ts fqr the (salen)Smxfamily shift progressively higher effecting reaction 6 using a (salen)dDMAP catalyst
upfield in the order Ci= OTf < Br < I, corresponding 10 g tem "we employed our (salen)Sn compounds as the Lewis
increasing electron density at the metal center with the softeracid catalyst component along with a Lewis base for the
I~ ligands contributing the most electron density. coupling of propylene oxide with CO Our ability to
Mass Spectrometry. Due to the air-sensitive nature of  synthesize (salen)Sn complexes of two different oxidation
the (salen)Sn(ll) complexeka—1i, EIMS and FABMS are  states and with a variety of substituents and anionic ligands
better characterization teChniqueS than APCIMS because thq”'] the case of Sn(|V)) afforded a unique Opportunity for
corresponding M ion can be observed more frequently. investigating catalyst activity as a function of the Lewis
(Salen)SnX complexes could be characterized with FABMS,  acidity at the tin metal center.
EIMS, or APCIMS bhut often lost one anionic ligand to give

-521.5 -593.9 -709.7 -992.1 -661.5

only the [M — X]* ion. For (salen)Sn(OTj) the standard (;»1\

APCIMS solvent mixture (acetonitrile/formic acig 9:1) 1 {i? :éﬁNb 1

led to rapid anion replacement, and only the fM(OTf), o Ry 2°>'<2° /R i

+ formate]" ion was observed. The [M (OTf)]" ion could + CO, R e R 070
only be seen when pure acetonitrile was used. This observa-Hs ;)_/

tion demonstrates the lability of the triflate ligands in (salen)- cHs

Sn(OTT). As expected from the Baba Lewis acid/Lewis base dual-
Catalytic Properties of (Salen)Sn Complexes in the  gjte modet*35 and our own work? (salen)Sn compounds
Coupling of CO and Propylene Oxide.The use of (salen)-  gjone did not catalyze reaction 6. However, good catalytic
Sn complexes as catalysts is a relatively unexplored area.
Belokon et al. have used a variety of salen metal complexes(29) Shaikh, A.-A. G.; Sivaram, £hem. Re. 1996 96, 951-976.

; _ ; ; (30) Cabrera, A.; Velasco, L.; Christ, M. L.; Salmon, M.; Arias, J.JL.
as catalysts in the phase-transfer asymmetric alkylation of Mol. Catal. 1993 85, 279-285.

the Schiff base derived from benzaldehyde and the isopropyl(31) McEntire, E. E. (Texaco Development Corp., USA). U.S. Patent
. . No. 920,906, abandoned.
compounds used, the catalytic activity of the Sn(ll) complex (32) kricheldorf, H. R.; Weegen-Schulz, B.; Jenssemddcromol. Symp.
was investigated. Relatively low yields (35%) and ee’s (6%) 1998 132 421-430.
(33) Baba, A.; Nozaki, T.; Matsuda, HBull. Chem. Soc. Jpril987, 60,

1552-1554.
(27) Holocek, J.; Navornik, M.; Handlir, K.; Lycka, A. Organomet. Chem. (34) Shibata, I.; Baba, A.; Iwasaki, H.; Matsuda, H.Org. Chem1986
1983 241, 177-184. 51, 21772184.
(28) Davies, A. G.; Harrison, P. G.; Kennedy, J. D.; Mitchell, T. N.; (35) Baba, A.; Shibata, |.; Masuda, K.; MatsudaSynthesi4985 1144-
Puddephatt, R. J.; McFarlane, \lW.Chem. Soc. €969 1136-1141. 1146.
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Table 6. Effect of DMAP Loading on TOF Usin@i as Catalyst

DMAP (equiv) TON TOF (hY)
0 0 0
2 129 25
5 2786 531

aReaction conditions: [CatF 0.02 mmol; PO= 4000-6500 equiv
relative to3i; CH,Cl, = 0.5 mL; P(CO;) = 100 psig 5 h 15min; 120°C.

Scheme 1. Proposed Mechanism for the Cyclic Carbonate Formation
Using (Salen)Sn(ll or 1V) Compoungls

SR - gl

Sn(IV) active species Sn(ll) active species

X [Sn]
A [Sn] (f
x 0
Sn=Sn"& /(‘ ('L\
o B
. 0
B [snS1=S [y T lsf;ﬁ
o)
0 A
>¥0/¥ [sn] J LB*

O,
a
O>:0

a(A) Sn(IV) mechanism. (B) Sn(ll) mechanism. Substituents on salen
ligands omitted for clarity.

activity was observed for several (salen)Sn compounds, at
catalyst loadings as low as 0.03 mol % relative to PO, in
the presence of DMAP as the Lewis base cocatalyst. DMAP
was chosen as the ideal Lewis base over sPIP#PhO,
imidazole, pyridine, and NEtased on our (salen)Cr work
where DMAP was shown to be the best Lewis base
cocatalys®® For up to 5 equiv, the catalyst activity increased
with higher DMAP loading (Table 6).

The work of the SHi" and Kin?® groups has led to the
proposal of similar reaction mechanisms for the Lewis acid
catalyst and the Lewis base cocatalyst. Their experimental

investigated the effects of varying the Lewis acidity of the
catalyst. Wang and co-workers found that Zn@l stronger
Lewis acid, is a more active catalyst than Zinltheir ZnX—
BusNI system’® The opposite relationship was observed by
Baba et al. for the BiSnX—BusPI catalyst (X= Cl, Br, 1)33

and by Kim et al. for Zn%Py, complexes? In the latter
example, the authors suggested that the more electronegative
halide ligands may decrease the dissociation rate of the
pyridine ligand, thereby hindering the coordination of the
epoxide in the first activation step. For our (salen)Sn system,
the ability to employ various salen frameworks and the
accessibility of two oxidation states at the tin metal center
can potentially afford a more detailed understanding of the
effect Lewis acidity has on reaction 6.

We first examined a series of (salen)Sn(IV) compounds
composed of the same ligand framework and various axial
counterions,2a—6a, as catalysts in the cyclic carbonate
reaction (Table 7). For the (salen)Sreétalysts, we observed
that the more electronegative the axial halogen counterion,
the higher the catalytic activity of the complex. One possible
explanation for this invokes the dissociation of only one axial
ligand from the parent (salen)Spgompound (Scheme 1A),
resulting in a cationic (salen)XSncomplex as the active
species, which then activates the epoxide. The remaining
axial ligand affects the Lewis acidity of the tin metal center
and hence the extent that the epoxide is activated. Thus, a
more electronegative halide ligand would lead to a more
Lewis acidic Sn center and would result in a more reactive
tin/fepoxide complex. For example, the (salen)®ompound
43, having the most electron-rich axial ligand, is less active
(TOF = 62 hY) than all of the other dihalogenated (salen)-
SnX; compounds. This possible mechanism is also supported
by the results found for the mixed anion compas which
contains Br and OTf counterions. This compound has the
highest activity (TOR= 174 h'?) of all the complexes with
the same ligand framework2&—6a). According to our
hypothesis, the labile OTf ligand o8a would quickly
dissociate generating the Lewis acidic [(salen)ShBpecies.

In contrast, the dibrominated compoud, would have the

evidence suggests that the epoxide first coordinates to theggme active [(salen)SnBrépecies but a lower activity (TOF

Lewis acid followed by the ring-opening of the epoxide by
the Lewis base cocatalyst and €i@sertion. It is most likely

= 119 h!) due to the slower rate of bromine dissociation
over triflate. Interestingly, the compound with two triflate

that our (salen)Sn/DMAP system behaves in a similar coynterions was the least active. In the case of (salen)Sn-
fashion: ‘the Sn(salen) acts as the Lewis acid and DMAP is (oTf), one possible reason for its lower activity is that both
the Lewis base component (Scheme 1). Mechanistic studiesyt the |abile OTf ligands disassociate forming a very electron-
are currently underway to elucidate the reactive intermediatesyeficient SA* species which would bind strongly to the

and the catalytic pathway. Lewis base cocatalyst and become unavailable for epoxide
Kim and co-workers have shown the effects of varying gctivation.

the nucleophilicity of the pyridinyl base for the cyclic For (salen)Sn(IV) catalysts with the same ligand backbone
carbonate reactioff.**They report that minor alterations of 54 axial counterions, we observed higher catalytic activity
the pyridine (from unsubstituted to the 2-methyl pyridine) for catalysts with more electron-withdrawing salen ligand
can greatly affect the cyclic carbonate yield. Others have framework. This is also consistent with increased Lewis
acidity at the metal center having a greater affect on epoxide
activation. Thus, complegi, which was brominated in the
3,3 and 5,5 positions of the phenyl groups, was more active
than3f, which had bromines only in the 3 positions (Table

(36) Paddock, R. L.; Nguyen, S. T. Unpublished observations.

(37) Shen, Y.-M.; Duan, W.-L.; Shi, MJ. Org. Chem2003 68, 1559~
1562.

(38) Kim, H. S.; Kim, J. J.; Lee, S. D.; Lah, M. S.; Moon, D.; Jang, H. G.
Chem. Eur. J2003 9, 678-686.

(39) Kim, H. S.; Kim, J. J.; Lee, B. G.; Jung, O. S.; Jang, H. G.; Kang, S.
O. Angew. Chem., Int. E®00Q 39, 4096-4098.

(40) Kisch, H.; Millini, R.; Wang, I. JChem. Ber1986 119 1090-1094.
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Table 7. Catalytic Results of (Salen)Sn CompleXes

R*—Cé{o@?obw R R' R’ TOF R«_Céj%‘?o%}w R R! R X' X TOF

(™ w & [(:9)

2a ‘Bu ‘Bu Cl Cl 150

3a ‘Bu ‘Bu Br Br 119

la /\ Bu ‘Bu 49 4a /\ Bu ‘Bu I I 62
5a ‘Bu ‘Bu OTf OTf 29

6a ‘Bu ‘Bu Br OTf 174

1d N ‘Bu ‘Bu 71 3d ANEA ‘Bu ‘Bu Br Br 71
2e ‘Bu ‘Bu Cl Cl 216

le N4 Bu 'Bu 71 4e \_(/ Bu ‘Bu I I 74
Se ‘Bu Bu OTf OTf 52

1g Q Br Br 190 3f /\ Br H Br Br 271
1h H OMe 114 3h H OMe Br Br 301
1i /N Br Br 187 3i /N Br Br Br Br 524

aReaction conditions: [CatF 0.03 mmol; [Cat]/PO= 1/1700; [Cat]/[DMAP]= 1/5; CHCI, = 0.5 mL; 120°C; P(CO,) = 100 psig 4 h 15min.

Table 8. Effect of Temperature on TOF Usirgp as Catalyst (500 psi) and longer reaction times (163hKim and co-

temp ¢C) TON TOF (i) workers’ most active ZnBL , catalyst ZnBg(DMAP), oper-

100 344 81 ates at a slightly milder temperaturéd & 100 °C) but

120 507 119 requires higher pressure (continuous feeding of @0193
140 768 181 psi) and catalyst loading (1 mol % relative to PO) to give a
aReaction conditions: [CatF 0.03 mmol; [Cat)/PO= 1/1700; [Cat]/ TOF of 516 .38 Very recently, they have reported the use
[DMAP] = 1/5; CH,Cl> = 0.5 mL; P(COz) = 100 psig 4 h 15min. of imidazolium zinc tetrahalides which are more active (TOF

= 1846 hl) albeit at much higher pressure (508 psi) than
ours#! Although tin salens are not the most active cyclic
o carbonate catalysts known for cyclic carbonate formation,
Overall, the most efficient catalyst was (338S-Bra-salen)- i activity is quite respectable, and they have great promise

i wi 1 e ; .
SnBr, 3i, with an excellent turnover frequency of 524'h 545 cjass of tunable Lewis acids for use in cyclic carbonate
The same relationship between the electron-withdrawing ¢ mation or other types of catalysis.

nature of the salen ligand and catalytic acti\_/ity was observed Conclusions.The direct oxidation reaction of (salen)Sn-
for (salen)Sn(ll) _catalysts. The most_ actlve_ (salen)Sn(Il) (1) compounds with halogens is a versatile method for the
catalyst of the seried,g, had electron-withdrawing bromine synthesis of (salen)Sn(IV) compounds in high yields. The

”.“O'e“es in both the 3’,&1nd 5,5positions of the sa_len phenyl (salen)Sn) compounds can be interconverted either by direct
rings (TOF = 190 fr%). The more electron—r!ch Sn(ll) exchange with simple alkali halide salts or via (salen)Sn-
_compounds, however, were less active than their correspond—(o.l.f)2 compounds as intermediates. This strategy is signifi-
ing Sn(IV) analogues (Table 7). cant because it offers an efficient route to otherwise difficult-
_V\_/e propose that both f[he Sn(ll) and Sn(lV) catalysts have to-obtain six-coordinate (salen)Sn(lV) dihalide or mixed
similar reaction mechanisms (Scheme 1)._Although the $”' halide complexes. Further, these facile syntheses are ap-
(1) compounds do not have to undergo a ligand dissocation plicable to a wide range of ligand environments allowing us

itep. prlor_dtp ep%xurj]e blnd(;ng (SChe”.‘e 1B)h they ar.((ej less ready access to (salen)Sn complexes with varying electronic
ewis acidic and hence do not activate the epoxide as , 4 ciaric properties.

strongly as the corresponding Sn(lV) species, resulting in The availability of a wide range of tin salen compounds

lower activities. ) . . -

. allowed us a unique opportunity to test the catalytic activity

Qur system requires moderately low gimessgres (100 of (salen)Sn complexes as a function of ligand environment,
psig), low cataly§t Iogdmg (0.032 mol ./° relative to PO), metal oxidation state, and Lewis acidity. We found that the
and short reaction times . “ h 15 min). The (salen)Sn more Lewis acidic (salen)Sn(IV) compounds displayed
corrpleées, hovr\;gvpe\r, reqlljcljreb higher tergpﬁra:]ures tha_n Ourhigher activity than their corresponding (salen)Sn(ll) coun-
EZ;zz)ratrufgztﬁa d.tosb\ézvt(t)gr Catzlszfzgislit’y (I_grjaslrérg?ctlon terparts in the formation of propylene carbonate. In addition,
Overall, the TOFs reported herein for our Sn(ll) ar;d sp. e found that increasing the electron-withdrawing ability of

' the salen framework and the axial ligands also increased the

(V) salen compounds are compet!tlve with many catalytic catalyst performance. To the best of our knowledge, this work
systems in the literatu8.For a Co binaphthyldiamine salen

system, the best catalytic results (TGF 57 h'1) were (41) Kim, H. S.; Kim, J. 3 Kim, H.. Jang, H. Gl. Catal. 2003 220,
obtained with NEf at 100°C under higher C@pressures 44—46.

7). Complex3f in turn had higher activity thaBa, which
had tert butyl substituents in the 3,3and 5,5 positions.
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