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Organometallic Chemistry

Synthesis and transformations of metallacycles
20.* Cp,ZrCl,-Catalyzed cycloalumination of arylolefins with AlEt;
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The Cp,ZrCl,-catalyzed reaction of arylolefins (styrene, o- and p-methylstyrenes,
trans-stitbene, 1 4-diphenyl-1_3-butadiene) with AIEY, resulting in mono- and disubstituted
alumacyclopentanes and substituted alumacyclopropanes was studied. The yield and ratio of
cyelic organoaluminum compounds depend on the structure of the initial arviolefins and

conditions of cycloalumination.
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Catalytic cycloalumination of aliphatic a-olefins with
tetatkyl- or alkythaloalanes in the presence of Zr com-
piexes affords 3- and trans-3,4-substituted alumacyclo-
pentanes in virtually quantitative yields.2:3

In a continuation of studies of the reaction of olefin
cycloalumination discovered by us? and to extend this
method to other unsaturated compounds, in particular,
arylolefins, and reveal the effect of aryl substituents on
the direction of the reaction, we investigated cyclometal-
lation of styrene, o- and p-methylstyrenes, trans-stil-
bene, and- 1 4-diphenyl-1,3-butadiene. with AlEt; using
Cp,ZrCl, as the catalyst. )

Results and Discussion

The reaction of styrene with AlEy; (1 @ 1.2) in the
presence of § mol. % Cp,ZrCl, affords 1-ethyl-2-phenyl-

* For Part 19, see Ref. 1.

(1a), 1-ethyl-3-phenyl- (2a), 1-ethyl-2,4-diphenyl- (3a),
I-ethyl-2,5-diphenyvlalumacyclopentanes {4a) and 1-eth-
yl-2-phenylalumacyclopropane (S5a) in a ratio of ~50 :
25 215 : 3 : 7 in an overall vield >90% (according to
GLC data of the hydrolysis products of compounds 1la—
Sa) (Scheme 1). The structure of hydrolysis products
(6—15) was established from the data of 3C and
'H NMR spectroscopy. Thus, cycloalumination of sty-
renc proceeds less selectively than that of aliphatic
a-olefins and results in a mixture of cyclic organoalumi-
num compounds (OAC).

Probably, intermediate Zr n-complexes {16a,b)4-3 are
formed under the reaction conditions (Scheme 2), and
they are responsible for the formation of the correspond-
ing regioisomeric alumacyclopentanes. Attempts to de-
termine the configuration of pheny! substituents in five-
membered OAC “were unsuccessful because of broaden-
ing of the signals of C(2) and C(5) atoms in the
3C NMR spectra of compounds 3a and 4a.
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Rased on the results obtained, we assumed that zir-
conacyclopropane intermediates (17)8=8 are initially
formed, which are then transmetaliated into alumacy-
clopropanes 5. The insertion of the initial styrene mole-
cule at the active Zr—C bond of the zirconacyvclopro-
pane intermediates results in mono- or disubstituted
zirconacyclopentanes, and their transmetaliation affords
cvelic OAC 1—4 (Scheme 3).

[t cannot be ruled out that cyclic OAC 1-—5 are
formed along with the formation of intermediate Zr-
and Al-containing bimetallic complexes®—12 generated
under the reaction conditions from zirconacycloalkanes
and aluminum halides (Scheme 4). In favor of this
assumption are the syntheses of substituted alumacy-
clopentanes3-13 and alumacyclopropanes!® from RAIC,
and «-olefins in the presence of halide ion accepiors
(Mg, Ca, and Na) and catalytic amounts of Cp,ZrCl,,
ZiCl,, or Cp,T1Cl,.

Cycloalumination of o- and p-methylstyrenes also
results in a mixture of substituted cyclic OAC 1-5 in
75—83% vields and with approximately the same ratios
as for styrene.

wrans-Stilbene is virtually inactive in the reaction
with AlEt;. Under the conditions found, 1.4-diphenyl-
1,3-butadiene reacts with AlEt; in the presence of
Cp,ZrCl, to give trisubstituted alumacyclopropane (20)
in ~15% vield (Scheme 3). However, when Cp,ZrCl, is
reptaced by Cp,TiCl,, AlEL; is replaced by EtAICL,, and
Mg is introduced as the acceptor of Cl7, compound 20 is
formed!¥ from 1.4-diphenylbuta-1.3-diene in ~80% vield.

The results obtained suggest that, unlike aliphatic
a-olefins, which react with AlEt; in a Cp,ZrCly-cata-
lvzed reaction to form 3-alkylalumacyclopentanes? with
high regioselectivity, -arvloiefins give under these con-
ditions a mixture of substituted three- and five-mem-
bered OAC.
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Experimental

Cycloalumination of arylolefins was carried out in an atmo-
sphere of dry argon. Hydrolysis products were analyzed on a
Chrom-41 chromatograph with He as the carrier gas using a
1200x3 mm column with 3% SE-30 or 15% PEG-6000 on
Chromaton N-AW and a katharometer as the detector. IR
spectra were recorded on a UR-20 spectrometer (thin film),
and EI mass spectra were obtained on an MKh-1306 spectrom-
eter (70 eV) at 130 °C. 'H NMR spectra were recorded in
CDCI; on a Tesla BS-567 spectrometer (100 MHz) using
Me,Si as the internal standard, and 3C NMR spectra were
obtained in CDCIl; on a Jeol FX-90Q spectrometer
(22.5 MHz) with broad-band and off-resonance proton decou-
pling. 13C NMR spectra of cyclic OAC were obtained on Jeol
FX-90Q (22.5 MHz) and Bruker AM-300 (75.46 MHz) spec-
trometers in regimes with full and partial proton decoupling.
Diute solutions in diethyl ether were used with addition of
CyDy for internal field stabilization. Solutions were placed in
sealed tubes and then in an atmosphere of dry argon. Me Si
was used as the internal standard. Yields of cvclic OAC were
determined by GLC analysis of hydrolysis products.

Cycloalumination of arylolefins with AIEX, in the presence of
Cp,ZrCl, (general procedure). CpZZrClz (0.5 mmol), arylolefin
(10 mmol), and AlEt; (12 mmoti) were placed in a giass reactor
in an atmosphere of dry argon at ) °C. The solution was warmed
1o 22—23 *C and stirred for 12 h. The reaction mixture was
treated with 5% HCl or 20% DCl in D,O, and the products were
extracted with ether and isolated by distillation. The numeration
of atoms of the cyclic OAC obtained and their hydrolysis
products is presented in Fig. 1. The 3C NMR spectra and
physicochemical constants are presented in Table 1.

Butylbenzene (62). b.p. 58—359 °C (6 Torr), n2ly 1.4893.
IR, v/em™!: 695, 730, 1450, 1490, 1600, 2910, 2945, 3010,
3045. 'H NMR, 3: 095 (¢, 3 H. CH;. J = 7.5 Hz): 1.23—~1.75
(m, 4 H, CH,): 2.60 (1, 2 H, CH,Ph, J = 7.5 Hz): 6.8--7.32
(m. 5 H., CHarom.). MS, m/z 134 [M}*. Found (%):
C. 89.47; H, 10.40. CyH,4. Calculated (%): C. 89.55; H, 10.45.

p-Butyltoluene (6b). b.p. 65 °C (4 Torr), 22, 1.4908. IR,
v/em™h 690, 710, 765, 1375, 1465, 1500, 1610, 1800, 1870,
1940, 3030, 3070. 'H NMR, §: 0.86 (t, 3 H, Me, J = 7.4 Hz).
1.20—1.80 (m, 4 H, CH.): 2.26 (s, 3 H, CH3,Ph); 2.53 (1. 2 H,
CH,Ph, J=7.1 H2); 6.8—7.32 (m. 4 H. CH arom.). MS, m/2
148 [M]*. Found (%): C, 89.11: H, 10.76. C|;H¢. Calculated
(%) C, 89.19; H, 10.81.

o-Butyltoluene (6¢), b.p. 62—63 °C (4 Torr), n?’p 1.4930.
IR, v/em ™l 720, 900, 1010, 1450, 2850. 2940, 3000. 3350.
'H NMR. & 087 (t. 3 H. Me, J = 74 Hz); 1.18—-1.76
(m, 4 H, CH;); 2.23 (s. 3 H, CH;—Ph); 2.28—2.40 (m, 2 H,
CH,Ph); 7.02—7.30 (m, 4 H, CH» arom.). MS. m/z: 148 [M]™.
Found (%) C, 89.21; H, 10.73. C,; H,. Calculated (%):
C. 89.19; H, 10.81.

sec-Butylbenzene (7a). b.p. 49350 °C (6 Torr), n¥?y, 1.4894.
IR, v/em™!: 695, 730, 1450, 1490, 1600, 2910, 2943, 3010,
3045. 'H NMR, & 0.85 (m. 3 H, Me); 1.43—1.65 (m. 2 H.
CHy): 1.27 (d, 3 H, Me, J = 7.3 Hz); 252271 (m, H, CH).
721 (m. 5 H, CHarom.). MS, m/z 134 [M]”. Found (%)
C. 89.59: H, 10.39. CgH,,. Calculated (%): C. 89.53; H, 10.45.

p-sec-Butyltoluene (7b), b.p. 38—359 °C (4 Torn.
a7y 1.4930. IR, v/em™': 700, 1470, 1530. 1600, 1820, 1872
1945, 3032, 3068. TH NMR, 8: 0.95 {1, 3 H, Me. /= 7.1 Hz);
121 (d, 3 H, Me, J= 7.1 Hz); 1.43—1.65(m. 2 H, CH;): 2.25
(s. 3 H, CH;Ph); 6.81—7.32 (m, 4 H, CHarom.). MS. m/z
148 [M]}*. Found (%): C. §9.13: H, 10.87. C;;H¢. Calcula-
ted (%): C. 89.19; H, 10.81].

o-sec-Butyltoluene (7¢), b.p. 54—55 °C (4 Torr). IR,
v/em™1: 720, 900, 1010, 1360. 1450, 1490, 1600, 2850. 2940,
3000. "H NMR, 5: 0.87—0.95 (m, 3 H, Me); 1.22 (d, 3 H, Me.
J= 7.1 Hz); 1.48—1.65(m., 2 H. CH,): 2.23 (s. 3 H, CH,Ph);
233-243 (m, | H. CHPh); 7.02—7.32 (m, 4 H, CH arom.).
MS, m/z: 148 [M]7. Found (%): C, 89.22: H, 10.76. CoH 4
Calculated (%): C, 89.19; H. 10.81.

1,3-Diphenylbutane (8a), b.p. 125—126 °C (2 Torr).
n?lp 1.5516. IR, v/em™': 720, 800, 8§50, 1220, 1250, 1370.
1510, 1620, 3030, 3080. '"H NMR, &: 1.18 (d. 3 H. Me, J =
7.0 Hz); 1.77—1.88 (m. 2 H, CH,y); 2.35-267 (m. 3 H,
CH—CH;3); 7.02—743 (m. 10 H, CH arom.). MS, m/z 210
[M1*. Found (%): C, 91.35; H, §.54. CieH 4. Calculated (%):
C, 91.43; H, 8.57.

1,3-Di(p-tolyl)butane (8b), b.p. 162 °C (2 Torr). IR,
v/em™}: 700, 980, 1430, 1500, 1600, 1890, 2160, 2903, 2940,
'H NMR, & 1.19 (d, 3 H, Me, J = 7.2 Hz): 1.76—1.90 {m,
2 H, CH»; 224 (s, 6 H. CH;Ph); 2.34-268 (m, 3 H,
CH—CH;); 6.85—=7.41 (m. 8 H, CHarom.}y. MS, m/c
238 [M]*. Found (%) C, 90.62: H, 9.19. CgHy. Calcula-
ted (%) C, 90.76; H, 9.24.

1,3-Di(o-tolyl)butane (8¢). b.p. 169—170 °C (2 Torr). IR,
v/em™l 720, 800. 1500. 1600, 2850, 2940, 3000. 'H NMR,
8:1.21(d, 3 H, Me, /= 6.8 Hz); 1.76—1.93 (m, 2 H, CH;,):
2.23 (s. 6 H, CH;3Ph); 2.33—-2.66 (m, 3 H, CH—CH,); 6.96—
7.34 {(m, 8§ H, CHarom.}. Found (%) C. 90.7{; H. 9.20.
CyHjy. Calculated (%): C, 90.76; H. 9.24.

1,4-Diphenylbutane (9a). b.p. 144—143 °C ( 2 Torr). IR,
v/em™': 720, 1620, 3050, 3080. 'H NMR, 5: [.68—1.96 (m,
4 H, CH,); 2.35--2.54 (m, 4 H, CH,Ph); 6.83—7.41 (m, 10 H,
CH arom.). Found (%): C, 91.32; H, 8.51. C)¢H ;. Calcula-
ted (%): C. 91.43; H. 8.57.

Ethylbenzene {18a), b.p. 136—137 °C, 2225 14951 IR,
v/em™! 690, 730, 1020, 1450, 1490, 1595, 2850, 2930, 3010,
3020. 'H NMR., & 119, 3 H, Me, /= 7.6 Hz): 2.50 (g, 2 H.
CH,. /= 7.6 Hz); 7.05-7.20 {(m, 5 H, CH arom.). MS, m/z
106 [M}*. Found (%): C, 90.48; H, 9.39. CgHy,. Calcula-
ted (%): C, 90.57; H. 9.43,

p-Ethyltoluene (18b), b.p. 62—63 °C (20 Torr), n22 1.4942.
IR, v/em™": 710, 800, 1010, 1030, 1350, 1450, 1300, 1600,
2420, 2860, 2940, 3300. '"H NMR, §: 1.8 (t, } H. Me. J =
7.6 Hz); 2.24 (s, 3 H, CH;Ph); 2.48 (q, 2 H, CH,. / =
7.6 Hz). MS, m/z 120 [M]*. Found (%): C, §9.91. H. 9.96.
CgH ;. Caiculated (%): C, 90.00; H, 10.00.

(1,4-Dideuterobutyl)benzene (11a), b.p. S0—-51 °C (4 Torr),
nfn 1.4879. IR, v/em™! 690, 750, 1430, 1500, 1600, 2160
(+vCD). 2920, 2950, 3010, 3045. 'H NMR, & 0.90 (1, 2 H.
CH,D. J = 7.1 Hz): 1.25—1.75 (m. 4 H., CH;}; 2.60 {1, H.
CHD, /= 7.2 Hz); 7.00--7.46 (m, 5 H. CH arom.). MS, m/z:
136 {M]*. Found (%): C. 88.17; H, 11.68. C | H,>D-. Calcu-
lated (%): C, 88.24; H, 8.82; D, 2.94.

p-(1,4-Dideuterobutyl)toluene (11b). b.p. 70--71 °C
(5 Torr), n¥l 1.4912. IR, vzem™': 700, 760, 1375, 14635, 1500,
1800, 1870, 1940, 2170 (~CD), 3030, 3070. 'H NMR, 5..0.85
(t. 2 H, CH,;D, /=74 Hz): 1.22—1.70 (m, 4 H, CH,» 2.55
(t, t H. CHD, /=72 Hz); 7.02—7.05 (m, 4 H, CH arom.).
MS, m/z 150 [M]". Found (%): C. 79.92; H. 11.95. C;;H ;D1
Calculated (%): C. 88.00: H. 9.33; D, 2.67.

(1,4-Dideutero-sec-butyl)benzene (12a), b.p. 53—34 °C
(8 Torr), n?2p, 1.4895. IR, v/em™}: 680, 730, 1450, 1500, 1600,
2010, 2160 (vCD). 2930, 3020, 3050. 'H NMR, & 0.80—1[.03
(t, 2 H, CH,D, J=73Hz); 1.27 (d, 2 H, CH,D, /= 7.3 Hz):
1.46—1.75 (m, 2 H, CH;): 2.52—2.71 (m. | H, CHPh): 6.80—
7.30 (m, 5 H, CHarom.). MS. m/z 136 {M|*. Found (%):
C. 88.12; H. 11.71. CyH D, Calculated (%): C, 88.24,
H, 8.82: D, 2.94.
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Fig. 1. Numeration of atoms in cyclic OAC and their hydrolysis products.
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Table 1. 3C NMR spectra of cyclic OAC and hydrolysis products
Com- 5 (Ji- n/H2Z)
pound C-1 C-2 (C-3 C4 C-5 C-6 C-7 C-8 C-9 C-10 C-1t C-12 C-13 C-i4 C-15 C-to
ia 9.06 048 10.28 31.50 3299 2557 147.96 128.65 126.63 125.53
q br.t br.t t |1 br.d N d d d
th 9.06 0.68 10.55 2883 32.08 2747 14471 129.17 129.17 137.30 21.09
q br.t br.t t t br.d S d d S q
2a 906 048 8354 3559 46.13 17.84 149.72 128.65 128.65 125.92
q br.t br.t t d br.t S d d d
2b 906 068 795 3572 4580 17.90 146.66 126.50 129.17 137.30 21.09
q br.t br.t t d br.t S d d S q
3a 893 0.74 1348 44.05 4275 27.98 140.69 128.52 128.52 126.37 143.28 127.61 127.61 126.37
q br.t br.t d t br.d S d d d S d d d
3b 9.12  1.00 1374 4847 4229 2870 140.29 128.52 128.52 137.10 20.96 147.10 126.37 128.52 137.69 20.96
q br.t br.t d t br.d s d d S q N d d S q
6a 14265 128.34 128.2]1 12555 3581 3366 2234 13.96
) d d d t t t q
6b 14473 130.95 12834 13498 21.04 3496 3379 2234 14.06
S d d 3 g t t t q
6c 14109 13543 128.86 125.48 127.08 128.86 19.29 3262 33.14 2286 14.09
S S d d d q t t 14 q
7a 14746 126.98 128.34 125.72 41.72 31.19 1220 21.89
5 d d d t q q
Td 14993 126.98 128.99 13498 21.04 41.27 3119 1236 21.04
s d d s q d t q q
Te 14584 134.98 130.16 125.29 126.78 126.13 19.74 36.26 30.64 1233 21.24
s s d d d d q d t q q
8a 3399 3997 39.44 2254 147.44 128.40 128.40 126.00 142.52 128.41 127.11 125.68
t t d q s d d d S d d d
8b 33.53 40.16 3899 22.54 140.21 128.21 128.93 135.04 20.91 139.40 130.81 127.82 134.72 2091
t t d q s d d s q S d d s q
8c*  31.32 40.29 3430 2273 14519 135.24 130.03 125.16 126.20 126.91 21.69 140.57 135.63 128.67 126.20 125.16
t t d q s s d d d d q N N d d d
92 3571 31.00 31.00 3571 14242 128.14 127.04 125.63
t t t t s d d d
10a 14433 12790 12837 12790 2893 1565
s d d d t q
10b  141.22 124.89 129.06 13504 21.04 2846 15.78
S d d S q t q
1la 14265 128.34 128.21 12555 3542 3366 2234 13.63
s d d d d t t t
(9.1 (19.1)
1itb 14473 130.95 128.34 13498 21.04 3490 3579 2234 1376
s d d s q d t t t
(19.1) (19.1)
122 14746 12698 128.34 12672 41.72 31.19 1194 21.56
N d d d d t t t
(19.1) (19.1H
12b 14993 126.93 128.99 13498 21.04 41.27 31.19 1207 2085
S d d S q d t t t
(20.0) (20.0)
132 3366 39.97 39.44 2221 147.44 12841 [28.4] 12600 142.52 128.4] 127.11 125.68
d t d t S d d d S d d d
(19.1) 19.1)
13b. 33.20 40.16 3899 2228 144.21 12821 12893 13504 20.91 139.40 13081 127.82 134.72 2094
d t d t S d d S q S d d s q
(19.h (15.1)
14a 3543 31.00 31.00 3543 14242 128.14 127.04 125.63
d t t d s d d d
9.bH (19.1)
15a 14433 127.90 128.37 127.90 28.57 {535
N d d d d t
(19.2) (19.2)
15b 14122 124.89 129.06 135.04 21.04 2813 15.52
s d d S q d t
(19.1) ¢19.1)

* The following signals are also present, 3: 128.67 (d, C-17); 19.16 (q. C-18).
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p~(1,4-Dideutero-sec-butyl)toluene (12b), b.p. 6465 °C
(6 Torr), 05 1.4938. IR, v/em™': 700, 1470, 1550, 1600,
1880. 1950, 2160 (vCD), 3032, 3068 'H NMR, & 0.83 (t,
2 H, CH,;D, J=73 Hz); 1.26 (s, 3 H, CH;Ph), 1.28 (d, 2 H,
CH,D, J= 7.2 Hz), 1.45—1.75 (m, 2 H, CH,); 2.50—-2.73 (m,
| H, CHPh); 6.09—7.28 (m. 4 H, CH arom.). MS, m/z 150
{M]*. Found (%) C, 79.87, H. 11.97. C; H\4D,. Calcula-
ted (%): C, 88.00; H, 9.33; D, 2.67.

1,3-Diphenyl-1,4-dideuterobutane (13a), b.p. 138 °C
(4 Torr), n?'p 1.5520. IR, v/em™': 715, 810, 840, 1210, 1245,
1373. 1500, 1610, 2160 (vCD), 3040, 3075. 'H NMR, &: 1.19
(d. 2 H. CH,D, J = 6.8 Hz); 1.68—1.97 {m, 2 H, CH»); 2.13—
279 (m, 2 H, CHPh, CHDPh); 6.72—7.42 (m, 10 H.
CH arom.). Found (%): C, 90.48; H. 9.37. C,(H (D,. Calcu-
lated (%): C, 90.56; H, 7.55; D, 1.89.

1,3-Di(p-tolyl)-1,4-dideuterobutane (13b), b.p. 158—159
>C (2 Torr). IR, v/em™!: 720, 800, 900, 1020, 1450, 1503,
2150 (vCD), 2850, 2910, 2950. 'H NMR, &: 1.19 (d, 2 H.
CH,D, J = 7.2 Hz); 1.76—1.90 (m, 2 H, CH,); 2.18 (s, 6 H.
CH;Ph); 2.34—2.68 (m, 2 H, CH, CHD); 6.83—7.41 (m, 8 H,
CH arom.). Found (%): C, 89.91; H, 9.93. C;yHyD,. Calcu-
lated (%): C, 90.00; H. 8.33; D, 1.67.

1,4-Diphenyl-1,4-dideuterobutane (14a). b.p. 146—147 °C
(2 Torn). IR, v/em™b 720, 1620, 2160 (vCD), 3050, 3080.
'H NMR, & 1.68—1.96 (m. 4 H, CHD); 2.35—2.34 (m, 2 H,
CHD); 6.83—7.41 (m, 10 H, CH arom.). Found (%): C. 90.45;
H. 9.39. C|¢H¢D;. Calculated (%). C, 90.56: H. 7.55;
D, 1.89.

1,2-Dideuteroethylbenzene (15a), b.p. 134—135 °C, n*0,
1.4939. IR, v/cm™): 690, 730, 1020, 1450, 1300, 1600, 2170
(vCD}, 2850, 2970, 3020. 'H NMR, &: 1.16 (d, 2 H, CH,D,
J = 7.6 Hz);, 2.57 (t, 1 H, CH,, J = 7.6 Hz): 7.02--7.24 (m.
5 H, CHarom.). MS. m/z 108 {M]*. Found (%): C, 88.82:
H. 11.06. CgHgD,. Calculated (%): C, 88.89; H, 7.41; D, 3.70.

p-(1,2-Dideuteroethyl)toluene (15b), b.p. 61—62 °C
(20 Torr), #¥%; 1.4950. IR, v/em™': 710, 800, 1010. 1050,
1380, 1450, 1500, 1600, 2170 (vCD). 2420, 2860, 2940, 3030.
'H NMR, &: 1.18 (d, 2 H, CH,D, J = 7.5 Hz); 2.25 (s. 3 H,
CH;3Ph): 2.54 (¢, 1 H. CHD, J=7.5 Hz): 7.02—-7.24 (m, 5 H,
CHarom.). MS, m/z 122 {M]*. Found (%) C, 88.44;
H. 11.48. CoH oD,. Calculated (%): C, 88.52; H, 8.20: D, 3.28.

The work was financially supported by the Russian
Foundation for Basic Research (Project Nos. 98-03-
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