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Abstract: Most a.,a,a',a'-tetralm~no-o-xylencs that arc substitulvd at the ortho and meta positions yield, 
upon applying nickel mediated cyclization conditions, the rtspective o'ans-7,g-dibromocyclobutabenzenes 
derivatives as major products. However, when the ortho substitoent is an ester or an amid¢, a good 
stcccochet~c.al colltrol can be achieved by runnin~ the r~clions with or without the p¢¢$¢I1c¢ of 
phosphines. The bromine atom at the 7 position can be substituted specifically with inversion by methoxy, 
yielding the 7-Br-8-OMe respective cyciobutabenzen¢, that can be reacted in a stereospccific Diels-Alder 
reaction to form the c/s-bromo-methoxy-tem~ydronaphthalene derivative. 
© 1998 Elsevier Science Ltd. All rights reserved. 

I N T R O D U C T I O N .  

Cyclobutabenzenes are important compounds; they serve as synthons for ortho-xylylenes 

(o-quinodimvthanes) in organic synthesis, l as building blocks in some natural compounds and chugs, 2 and 

as key compounds for the study o f  the Mills-Nixon effect)  The most common method for their 

preparation is based on iodide mediated r i n g  closure of  a,a,a',a'-tetrabromo-o-xylene, that yields a 

mixture o f  cis and trans dibromo-, diiodo- and iodo-bromocyclobutabenzvnes. 4 Other methods are based 

on pyrolysis under relatively harsh conditions 5 or are system specific. 6 Recently, we have developed a 

new method that is based on nickel mediated ring closure o f  a,a,a',a'-tetrabromo-o-xylenes. 7 The main 

advantages o f  this method are the following: (i) The reaction does not path through o-quinodimethane as 

an intermediate, and thus it is suitable for the preparation o f  bicyclobutabenzene s and 

tricyclobutabenzene. 9 (ii) The reaction is stereospecific. (iii) The starting materials are commercially 

available or can be easily made in large quantifies and good yields. (iv) The conditions for the preparation 

o f  the cyclobutabenzenes are relatively mild, i.e., a temperature range o f  60-80 °C and DlVlF as a solvent 

or co-solvent. Most o f  the system studied (of  the type 1 and 2) t° yield, under nickel mediated cyclization 

conditions, the respective trans dibromocyclobutabenzenes (3 or 4) as the major product, and the cis 

isomer (5 or 6, respectively), as the minor product, with a selectivity > 9:1 (equation 1). The t ram isomers 

are usefull synthons for ortho-quinodimvthanes, that can be trapped by dienophiles in stereo- and 

regiospecific Diels-Alder reactions to yield the respective tetrahydronaphthalene products, whereas the cis 
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Ri Rt RI 

or metallic nickel • (1) 
v "CHBr2 ~ ' " " B r  

1, Rt=H, R2~H 3, RI=H, R2~H 5, R]=H, R2~H 
2, Rl~I-I, R2=H 4, RICH, R2=H 6, R1~H, R2=H 

isomer is stable under the Diels-Alder reactions conditions. 7's'l° However, in some cases the opposite 

stereochemislry of the dibromocyclobutabenzene was observed, and most of the product was 

cis.dibromocyclobutabenzene. We report here the selective preparation of some systems of the type 4 and 

6, where a simple control of the stereochemistry of the reaction was achieved. We also report the selective 

substitution of the bromine atom at the 8 position by methoxy, to give the respective 

trans-7-methoxy-8-bromocyclobutabenzene, and its reaction with tetracyanoethylene. 

RESULTS AND DISCUSSION. 

When 7 was subjected to (Bu3P)2Ni(COD) cyclization conditions the major products was 8, with 

C02Me C02Me C O~  

C~r2 (a) (BuC')2Ni(COD) 

Co) metalfic nicke~' + (2) 
v "CHBr2 'Br 

7 8 9 

8:9 ratio of 3:1 (equation 2a). However, when the mediator was nickel powder, the main product was 9 

when the solvent was hexane) l and the only product when THF was used as a solvent It (equation 2b). In 

Figm'e 1: Ellipsoid plots of 8 (left) and 9 (right). 
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order to be sure that the NMR based assignments are correct, each of  the major products of  the reactions 

was crystallized, and the structure determined (figure 1). The X-ray stmctme confirmed the NMR based 

assignment of  the product. Such a sharp dependence of  the trans to c/s products ratio on the mediator 

(i.e., (Bu3P)2Ni(COD) or metallic nickel) has not been observed for other substrates that were cyclized, 

and this observation needed an explanation. 

A mechanistic analysis of  the reaction of  metallic nickel with 7 is described in scheme 1. Insertion 

7 10 

"Ni" 

• .Br 3 ~ Br4 

Br 3 "N~ ~ 
9 11 

Scheme 1. Proposed mechanism for the metallic nickel mediated ring closure of  5. "Ni" -- solvated 

Ni(0) atom 

of a nickel species into one of  the C-Br bonds is thought to be the first step in nickel mediated coupling) 2 

In the case ofT, insertion of  the Ni to the C-Brl bond leads to 10, where the nickel is stabilized by internal 

complexation to ester group. This requires a rotation around the C¢m)'C0~mr). Since the size of  Br is 

similar the that of  methyl (van-der-Wais radii are 1.95 and 2.0 A, respectively), and therefore CHBr2 is 

similar to i-propyl, it is assumed that the two CHBr 2 are "geared". 13 The second CHBr 2 group has 

therefore to rotate, resulting in hindering Br4 while Br3 is exposed. Steric congestion around Br4 forces the 

second nickel t2 to insert into the exposed C-Br3 bond (to form 11), yielding after disproportionatiun and 

reductive elimination the c/s product 9. The interval complexation of  the nickel (in 10) must be important 

only if the nickel atom is not ligated (or bound to weak ligands such as DMF) since that in the case of  the 
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reaction mediated by (Bu3P)2Ni(COD) the reaction yields the thermodynamically more stable trans 

product (8) which can be achieved only if free rotation around the C(HBr2)-C(aromatic ) bond (i.e. the 

internal complexion is unimportant) exists. 

The explanation above depends on the existence of the "gear effect" in 7. Thus, 7 was crystallized 

and structm,ally studied (figure 2). Indeed, the two CHBr 2 groups are "geared". The distances between H 7 

0 ( 2 1 ( ~  0(1) 
CI9)%[ / 

_ _ ,~[%D2) , °~CI8) - ~ Brl4] 

- Br q ) ~ r ( 2 )  

Figure 2: Ellipsoid plot of 7. 

and Br 3 and Br 4 arc 2.802 and 2.615 A, respectively, well below the sum ofvdW radii of H and Br (3.05 

A). 
The mechanistic discussion presented above with the support of the structural information of 7 

suggests two immediate conclusions. (a) If the cyelization reaction that is mediated by metallic nickel 

would be carried out in the presence of a strong ligand, the major product should be the trans isomer (i.e., 

8). (b) Other substituents that are capable of complexing the nickel (e.g., an amide) should exhibit similar 

sultam 0 su~n 0 sultam 0 

~ 2  ~ , , , . 1 ~ - ~ B r  
Ni ~ + (3) 

Bt Br 

12 13 14 SUh'arlW~~ 
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belmvior to 7. In order to verify point (a), the cyclization reaction described in equation 2b was cmried out 

in the presence of  two equivalents of  ~butylphosphine. The ratio between g and 9 was reversed; where~ 

without phosphine the product ratio 8:9 is 1:4, with two equivalents of  phosphine it is 4.3:1. To study 

point (b) the cyclization reaction of 12 was carried out without and with phosphine (equation 3); in the 

fn'st case, the product ratio 13:14 was 1:1, whereas in the presence of  phosphine it was 5:1. Thus, it is 

concluded that (a) the mechanistic suggestion presented in scheme 1 is a well working hypothesis that is 

supported by experimental evidences, and (b) the stereochemistry of  the cyclizatiun product of  systems 

like 7 and 12 can be easily controlled by simply adding or not adding phosphine, whereas all other 

reaction conditions are identical. 

The cia dibromocyclobutabenzene is unreactive under Diets-Alder conditiom. 8a° However, as the 

reactivity of  the bromine atoms at the 7 and 8 positions in $ are expected to be different, it is principally 

possible to react only one of them with inversion, yielding the respective trans-7,8-differently 

disubstimted cyclobutabenzenes. A further request for a synthetically useful process is that the 

stereochemistry of  the Diels-Alder reaction (i.e., conrotatory ring opening and endo addition) of  this less 

symmetric cyclobutabenzene derivative will be retained. 

Reacting 9 with one equivalent of  sodium methoxide in methanol yielded 15 that was reacted with 

tetraeyanoethylene to give the Diels-Alder product 16 (equation 4). The structure of  16 was assigned by 

c o 2 ~  CO2Me CO2Me Br 

NaOM0 
: (4) 

B~ ~ ' " " O M e  

9 15 16 

N N ~  and was confirmed by the X-ray stru,zture determination (figure 3). As evident from the structure, 

Br(1)(~ <, 

NTI~) L.~0(3) 

Figure 3: Ellipsoid plot of  16. 
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the stereospecificity of  the Diels-Alder process is retained, and the addition of  a dienophile to the less 

symmetric system IS is stereospecific. 

CONCLUSIONS 

In this paper we have shown that the nickel mediated cyclobutabenzene synthesis can be used to 

form cis and trans 7,8-dibromocyclobutabenzene derivatives, providing that the starting material (i.e., the 

ct,cx,od,ct'-~trabromo-o-xylene) is substituted at the ortho position by a group that is capable of  

complexing the C-Ni-Br intermediate. In such cases, this complexation and the "gear effect" between the 

two CHBr2 groups cause the formation of  the cis product. The presence of  a strong ligand (i.e., 

tributylphosphine) in the reaction causes the formation of mainly the trans isomer. Thus, in these systems 

the stereochemical control is simple and facile. When the cis product is desirable, the reaction is carried 

out in THF or hexane, with nickel powder and 50 equivalents of  DMF. When the trans isomer is desired, 

the reaction is carried out under identical conditions, but with added phosphine. 

It was further shown that one bromine can be selectively replaced to yield the trans differently 

substituted systems, that reacts stereospecifically with dienophiles. 

EXPERIMENTAL SECTION 

General. All solid starting materials were recrystallized prior to use. The solvents were freshly 

distilled prior to use from potassium-benzophenone ketyl (THF) and Call2 (DMF and Hexane). Metallic 

nickel was Nickel sponge gd.IIb2152 (Johnson, Matthey and Co. Ltd) used without any trealment. Florisil 

used for chromatography was Riedel-de Hean Florisil. IH NMR spectra were recorded on a 200 MHz 

spectrometer (50.4 MHz for 13C) in CDCI3 unless otherwise noted. Reported melting points are 

uncorrected. 

Methyl 2,3-Dimethylbenzoate: A solution of  2,3-dimethylbenzoic acid (3 g, 19 mmol), methanol 

(80 ml), and H2SO4 (2 ml) was refluxed for 24 h. The reaction mixture was cooled to rt, water (100 ml) 

were added and the product extracted with CHCI3 (3×50 ml), washed with NaOH 2M (100 ml), brine, 

water, dried over MgSO4 and the solvents were removed under reduced pressure. The product was 

distilled (140 °C, 0.1mmHg) to give 3.2 g (97% yield) of  the product, tH NMR (CDCl3) : 7.51 (d, IH, J 

8.0 H_z), 7.26 (d, 1H, J 8.0 Hz), 7.10 (t, IH, J 8.0 Hz), 3.67 (s, 3H), 2.44 (s, 3I"t), 2.30 (s, 3H); ~3C NMR 

(CDCI3): 169.0, 137.8, 137.4, 133.0, 131.0, 127.6, 125.1, 51.7, 20.4, 16.5. 
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Methyl 2,3-BJ~dibromomethyl)bemmtte (7): A solution of methyl 2,3-dimethylbenzoate (0.37 g~ 

2.25 retool), NBS (2g, 11.2 retool) and CCLt (70 ml) was refluxed and irradiated (using a 375W sun-light 

lamp as the light and heat sources) until completion of the reaction (monitored by IH NMR). The reaction 

mixture was cooled to rt, filtered, and the solvents removed under reduced pressure. The product was 

purified over a Florisil column (hexaneJCH2Cl2 3/1) to give 0.6g (55% yield) of the product; m.p. 158°C; 

~H NMR (CDCI3) : 8.29 (d, 1H, JS.0 Hz), 8.15 (s, lid), 7.84 (s, liT), 7.79 (d, 1H, J8.0 Hz), 7.49 (t, IH, J 

8.0 Hz), 3.94 (s, 3H); 13C NMR (CDCI3): 166.7, 144.9, 137.9, 135.3, 131.1, 130.3, 125.7, 53.0, 37.0, 

31.9. 

Warts- and c/s- Methyl-7,8-dibromocyelobuta[2,3]benzoate (8 and 9). (a) Mediated by 

0Bu~P)zNi(COD). A solution of 7 (0.154 g, 0.32 mmole) in dry and degassed DMF (3 ml) was cannulated 

under argon into a Schlenk flask containing (Bu3P)2Ni(COD) (0.184 g, 0.32 mmol). The reaction was 

stirred at 75 oC for 1 h, and the solvents removed under reduced pressure. The product was purified over a 

Florisil column (hexane/CH2Cl2 4/1) to give a mixture of 8 and 9, 17rag (17% yield) in a ratio of 3:1; 8: 

m.p. 87 °C; IH NMR (CDCI3) : 7.99 (d, 1H, J 8.0 Hz), 7.53 (t, 1H, J 8.0 Hz), 7.38 (d, 1H, J 8.0 Hz), 5.55 

(s, 1H), 5.44 (s, 1H), 3.91 (s, 3H); 13C NMR (CDCI3): 164.5, 143.4, 143.4, 132.3, 131.8, 127.4, 126.1, 

52.1, 49.9, 49.6; HRMS: caled for CtoI-IsBr202 317.8891/319.8887/321.885 found: 

317.8946/319.8864/321.8893.9: m.p. 108-109 °C; lH NMR (CDCI3): 7.96 (d, 1H, J 8.0 Hz), 7.45 (t, IH, 

J 8.0 Hz), 7.37 (d, 1H J 8.0 Hz), 5.93 (d, 1H, J 4.0 Hz), 5.80 (d, 1H J 4.0 Hz) 3.92 (s, 3H). 13C NMR 

(CDCI3): 164.5, 144.1,143.7, 131.9, 131.4, 127.2, 125.8, 52.1, 51.6, 50.50; HRMS: caled for Ct0HsBr202 

317.8891/319.8887/321.885 found: 317.8937/319.8865/321.8834. (b) Mediated by metallic nickel 

powder in kexane: A stirred suspension of 7 (0.25 g, 0.52 retool), nickel powder (0.155 g, 2.64 mmol), 

DMF (2.0 ml, 25.83 mmol), and hexane (18 ml) was refluxed for 63 h. The reaction was cooled to rt, 

filtered and the solvents removed under reduced pressure. The product was purified over a Florisil column 

(hexane/CH2Cl2 3/1) to give 8 and 9, 183 nag (71% isolated yield, 95% yield based on recovered sm.) in a 

ratio of 1:4.3. (e) Mediated by metallic nickel powder in THF: A stirred suspension of 7 (0.25 g, 0.52 

mmol), nickel powder (0.155 g, 2.64 mmol), DMF (2.0 ml, 25.83 mmol) and THF (8 ml) was refluxed for 

18 h. The reaction was cooled to rt, filtered and the solvents removed under reduced pressure. The 

product was purified over a Florisil column (Hexane/CH2Cl2 3/1) to give 9 as the only 50 mg of the 

product, (30% isolated yield, 80% yield based on recovered s.m.). (d) Mediated by metallic nkkel 

powder in THF in the presence of BumP: A stirred suspension of 7 (0.25 g, 0.52 mmoi), nickel powder 

(0.155 g, 2.64 retool), Bu3P (0.26 ml, 1.04 mmol), DMF (2.0 ml, 25.83 mmol) and hexane (18 ml) was 

refluxed for 7.5 h. The reaction was cooled to rt, filtered and the solvents removed under reduced 
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pressure. The product was purified over a Florisil column (hexane/CH2Cl2 3/1) to give 40 mg of 8 and 9 

(24% yield) in a ratio of 4:l. 

The separation between 8 and 9 was achieved by careful chromatography on a Florisil column 

(hexane/CH2Cl23/1). First to be eluted is 8, and than 7 and 9. 

2,3-Bis(dibromomethyl)benzoie acid A solution of Br2 (11 ml, 0.21 mol) in CC14 (45 nil) was 

added dropwise into an irradiated refluxing solution (using a 375W sun-light lamp as the light and heat 

sources) of 2,3-dimethylbenzoic acid (8.0 gr, 53 mmol) until completion of the reaction. (monitored by IH 

NMR). The reaction mixture was cooled to rt and the solvents removed under reduced pressure. The 

product was purified by crystallization (ethyl acetate) to give 20g (82% yield) of the product; IH NMR 

(DMF-DT) : 8.39 (s, 1H), 8.34 (d, IH, J 7.2 Hz), 7.94 (d, 1H, J 7.8 Hz), 7.86 (s, 1H), 7.75 (t, 1H, J 7.7 

Hz); ~3C NMR (DMF-D7): 168.6, 144.8, 137.7, 135.2, 132.1, 131.9, 128.4, 37.6, 33.4. 

2,3-Bis(dibromomethyi)bazoyl chloride: A solution of 2,3-bis(dibromomethyl)benzoic acid (2.0 g, 

4.29 mmole) in SOC12 (15 ml) was refluxed for lb. Excess of SOC12 was removed under reduced pressure 

and the product was used without any further purification for the next amidation step. 

N-(sultam)-2,3-Bis(dibromomethyl)benzoyl amide (12): Nail suspension in mineral oil (0.52 g, 

21.6 mmol) was washed with hexane (3x3ml) under nitrogen. Toluene (40 ml) was added and the 

suspension was cooled to 0-5 °C. 2-Amino-d-camphane-10-sulfonic acid (1.00 g, 4.46 mmol) was added 

in small portions and the mixture was stirred for 30 min. at rt. The mixture was cooled to 0-5 °C and a 

solution of 2,3-bis(dibromomethyl)benzoyl chloride (2.08 gr, 4.3 mmol, obtained as described above) in 

toluene (10 ml) was added dropwise. The mixture was stirred at rt for 2 h, and the reaction was monitored 

by TLC (hexane/acetone 3/1). The mixture was cooled with ice bath, and water (50 ml) were carefully 

added. The product was extracted by hot ethyl acetate (3x40ml), washed with brine, dried over MgSO4, 

and the solvents removed under reduced pressure. The product was purified by crystallization from ethyl 

acetate to give 2.27g of the product (80% yield); IH NMR (CDCI3) : 8.22 (d, 1H, J 7.6 Hz), 7.78 (s, IH), 

7.48 (t, 1H, J 7.6 Hz), 7.34 (d, 1H, J 7.6 Hz), 6.90 (s, 1H), 4.16-1.00 (sultam signals); t3C NMR (CDCI3): 

167.9, 144.0, 137.0, 133.1,130.3, 129.7, 129.4, 65.5, 53.4, 48.5, 47.94, 45.0, 38.3, 36.6, 33.1, 32.5, 26.5, 

21.2, 19.9. 

Cyclization of 12 mediated by metallic nickel powder. (a) Without phmphine: A stirred 

suspension of 12 (0.50 g, 0.75 mmol), nickel powder (0.50 g, 8.52 mmol), DMF (2.5 ml, 25.8 mmol) and 

THF (10 ml) was refluxed for 44 h and monitored by TLC (hexane/acetone 3/1). After completion the 

reaction mixture was cooled to rt, filtered and the solvents removed under reduced pressure. The products 

were purified over a silica column (63-200 mesh) (CH2C12) to give 13 and 14 (50 mg, 13% yield) in a 



A. Stanger et al. / Tetrahedron 54 (1998) 1207-1220 1215 

ratio of 1:1; IH NMR (CDCI3) : 7.69 (d, IH, J 8.0 Hz), 7.50 (t, 1H, J 8.0 Hz), 7.35 (d, 1H, J 8.0 Hz), 6.06 

(d, 1H, J4.0 Hz, 13), 5.82 (d, 1H, J4.0 Hz, (14)), 5.67 (s, 1H, (13)), 5.38(s, 1H, (13)), 4.30-0.94 (sultam 

signals); HRMS: caled for CtgH21Br2NIO3S1 500.9609/502.9589/504.9568 found: 500.9650/502.9592. 

Co) With trUmtylphoapMae: A stirred suspension of 10 (0.50 g, 0.75 mmol), nickel powder (0.50 g, 8.52 

mmol), Bu3P (0.38 ml, 1.52 mmol), DIVlF (2.5 ml, 25.8 mmol) and TI-W (10 ml) was refluxed for 22 h and 

monitored by T.L.C (hexane/acetone 3/1). After completion, the w.~ion was cooled to rt, filtered and the 

solvents removed under reduced pressure. The product was purified over a silica column (63-200 mesh) 

(CH2C12) to give 13 and 14 (45.5 nag, 12% yield) in a ratio of 5:l, respectively. 

Methyl-7-bromo-8-metoxyeyelobuta[2,3]benzoate (15): Na (10rag, 0.43 retool) was added to 

methanol (12 ml) that was stirred until all the Na was dissolved. 9 (100 rag, 0.3 retool) was added and the 

reaction was refluxed for 7 h until no s.m. detected on T.L.C. (hcxane/acetone 3/1). The reaction was 

cooled to rt, water (30 ml) were added and the product was extracted with CHCI3 (5×20ml), dried over 

MgSO4, and the solvents removed under reduced pressure. The product was purified over a Florisil 

column (CH2C12), and then crystallized from hexane to give 35 nag (41% yield) of 15; 1H NMR (CDCI3): 

7.98 (d, 1H, J 7.2 Hz), 7.46 (m, 2H), 5.33 (s, 1H), 5.01 (s, 1H), 3.92 (s, 3H), 3.57 (s, 3I-I); t3C NMR 

(CDCI3): 165.0, 143.4, 142.8, 131.8, 130.7, 127.5, 126.2, 88.5, 57.3, 51.9, 47.0; HILMS: molecular peak 

(CHHtIBrIO3) was not found, calcd for M-H CHHj0BrtO3 268.9813/270.9792. found: 

268.9690/270.9775. 

Methyl-(8-bromo-6,6,7,7-trtraeyano-5-methoxy)-$,6,7,8-tetrahydro-l-naphtoate (16): A 

solution of 15 (20.0 nag, 0.037 retool) and tetracyanoethylene (10.0 nag, 0.078 retool) in benzene-D6 (0.4 

ml) was fire sealed in an NMR tube under vacuum (10 "2 mbar). The tube was allowed to stand at 1450C 

for 11 h while the reaction was monitored by IH-NMR spectroscopy. When no s.m. was detected the tube 

was cracked open and the solvent was removed under reduced pressure. The product was purified over a 

Florisil column (CH2C12) and crystallized from hexane/CH2Cl2 to give 22 mg (75% yield) of 16; m.p. 169 

°C; tH NMR (CDCI3) : 8.06 (d, 1H, J 7.6 Hz), 7.73 (d, 1H, J 7.6 Hz), 7.61 (t, 1H, J 7.6 Hz), 7.09 (s, 1H), 

5.14 (s, 1H), 4.05 (s, 3H), 3.98 (s, 3H); 13C NMR (CDCI3): 166.0, 133.6, 131.4, 131.0, 130.9, 130.0, 

129.9, 111.3, 109.2, 109.1, 107.5, 80.1, 63.0, 53.2, 44.0, 41.4, 38.6; HRMS: calcd for CITHIIBrIN403 

398.0015/399.9994. found: 397.9984/400.0004. 
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X-Ray structu~ determinatios of compomuis 7,8,9 and 16. 

Crystals suitable for structure determination have been grown fi~m (a) dichloromethan solution at 

-15 °C for 7, (b) hexane/dichlorometane 8/1 solution at rt for 8 and 16 and (c) ethanol at rt for 9. The 

structures were measured on Siemens SMART CCD area detector system three axis platform 

diffraetometer, with a graphite monochromator at a wavelength of  0.71073 . The diffraetometer 

measurement method was hemisphere data collection in co at 0.3 ° scan width four runs with 636, 465, 

636, 465 frames, ¢p = 0, 88, 180, 270 °, with a detector distance of  4.891 cm. Intensity integration and data 

correction with Siemens SAINT V4.050, decay corrections were based on repeated 50 frames from the 

first run after the data collection, and absorption corrections were computed with Siemens SADABS 

program, empirically based on equivalent reflection. The structure solutions and the structure refinements 

(on F 2, full matrix) were computed with Siemens SHELXTL V.5.03, SGI-Version. Hydrogen atoms were 

treated as riding groups. Details of  the crystal structure solutions are reported in table 1. 

Table 1. Crystal data and structure refmement of  7, 8, 9 and 16. 

Formula weight 319.98 319.98 479.80 399.21 

F(000) 616 616 896 800 

Temperature (K) 298(2) 298(2) 298(2) 301 

Crystal size - (nun) 0.31'0.24"0.14 0.31'0.24'0.17 0.34*0.22*0.07 0.56*0.44*0.27 

Crystal color colorless colorless colorless colorless 

III I  I I U II 

Crystal system monoclinic monoclinic monoclinic monoclinic 
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Space group P2(I)c P21/n P21/n P21/n 

Unit cell dimensions a = 16.6638(2) a = 9.4773(6) a -- 9.6413(5) a = 9.60630(10) 

b = 8.5551(2) b = 7.7364(5) b = 7.8414(4) b = 17.7813(2) 

c = 7.7590(2). c = 14.5282(8). c = 17.5295(9). c = 10.07160(10). 

a = 90 ° ct = 90 ° ct= 90 ° ot = 90 ° 

13 = 13 = [3 = 91.7580(10) ° [3 = 90.5237(8) ° 

100.5950(10) ° 101.3770(10) o y= 90 ° y= 90 ° 

• ~ 90 ° y= 90 ° 

Volume 1087.27(4) 3 1044.28(11) 3. 1324.63(12) 3. 1720.28(3) 3. 

Z 4 4 4 4 

Cell determination 35185 33265 35752 38168 

reflections used 

0 range for data 1 .24to28.66 ° 2 .37to28.32 ° 2 .32to28.25 ° 2.29to28.31 ° 

collection 

Limiting indices -22 < h< 22, -11 < h< 12, -12 < h< 12, - 1 2 < h < 1 2 , - 2 3 <  

- l l < k < l l , - 9 <  - 1 0 < k < 8 , - 1 3 <  - l O < k <  10, -23 k < 2 3 , - 1 3 < 1 < 1 3  

l< 10 I< 18 < l< 23 

0 range for data 1 .24to28.66 ° 2 .37to28.32 ° 2 .32to28.25 ° 2.29to28.31 ° 

collection 

Computing data Siemens SAINT Siemens SAINT Siemens SAINT Siemens SAINT 

reduction program program program program V.4.050 

V.4.050 V.4.050 V.4.050 

Data covered >97% >97% >99% >99°,4 

Rmerg before/after 0.1672 / 0.0648 0.1746 / 0.0631 0.2592 / 0.0905 0.0858 / 0.0400 

correction 
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max/min 1.00 / 0.32 1.00 / 0.32 1.00 / 0.22 1.00 / 0.56 

transmission 

Absorption 7.426 mm -1 7.732 mm -1 12.135 mm -1 2.413 mm -1 

coefficient ~t 

Reflections 12016 5755 14198 18951 

integrated 

Independent 2732 (Rin t = 12395 (Rin t = 3201 (Rin t = 4230 (Rin t = 

reflections 0.0715) 0.0900) 0.1001) 0.0443) 

Refinement method Full-matrix Full-matrix Full-matrix Full-matrix 

least-squares on least-squares on least-squares on least-squares on 

F 2 F 2 F 2 F 2 

Data/restraints /  1 6 7 3 / 0 / 1 3 5  1 4 4 5 / 0 / 1 2 7  1 7 7 8 / 0 / 1 4 5  2 7 7 7 / 0 / 2 2 7  

parameters 

Goodness-of-fit on 0.902 0.865 0.847 0.941 

F 2 

Weighting scheme w - l =  a2(F02)+(0.0535*p)2+0*P 

where P=[(maxF02)+(2Fc2)]/3 

Final R indices R1 = 0.0385 R1 = 0.0524 R1 = 0.0525 R1 = 0.0492 

[I>2o(I)] wR2 = 0.0848 wR2 = 0.1047 wR2 = 0.1204 wR2 = 0.1239 

R indices (all data) RI  = 0.0688 R1 = 0.0785 R1 = 0.0845 R1 = 0.0726 

wR2 -- 0.1040 wR2 = 0.1094 wR2 = 0.1277 wR2 = 0.1387 

Largest diff. peak 1.107 and -0.423 1.150 and -1.692 1.503 and -0.844 1.072 and -0.326 

and hole e. -3 e. -3 e. "3 e. "3 
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