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Abstract: Acyclic o-phenylene-bridged bis(anilido-aldimine) compounds, 0-CsHa{ CeH,R:N=CH—CgHs—
(H)N(CsH3R'2)} 2 and related 30-membered macrocyclic compounds, 0-CeHa{ CeH2R'2N=CH—CgH,—(H)N—
CsH2R2}2 (0-CsHa) are prepared. Successive additions of Me,Zn and SO, gas to the bis(anilido-aldimine)
compounds afford quantitatively dinuclear u-methylsulfinato zinc complexes, 0-CgHa{ (CsHR:N=CH—CgsHs—
N(CeH3zR'2)-x?-N,N)Zn(u-OS(O)Me)}, (R = iPr and R' = iPr, 29; R = Et and R’ = Et, 30; R = Me and R’
=Me,3;R=Meand R = /Pr,32;R=Etand R" = Me, 33; R=Etand R' = /Pr,34; R=/Prand R' =
Et, 35) and 0-C5H4{CeHzR'2N=CH_C6H4_N_CeHsz-KZ-N,MZn([t-OS(O)Me)}z (0—C6H4) (R = Etand R’
= Et, 36; R=Me and R" = Me, 37; R = /Prand R" = Me, 38; R = Etand R' = Me, 39; R = Me and R’
iPr, 40). Molecular structures of 34 and 40 are confirmed by X-ray crystallography. Complexes 30—35
show high activity for cyclohexene oxide/CO, copolymerization at low [Zn]/[monomer] ratio (1:5600), whereas
the complex of mononucleating -diketiminate {[(CsHzEt,)N=C(Me)CH=C(Me)N(CsHsEt,)]Zn(u-OS(O)EL)}»
shows negligible activity in the same condition. Activity is sensitive to the N-aryl ortho substituents and the
highest activity is observed with 32. Turnover number up to 2980 and molecular weight (M) up to 284 000
are attained with 32 at such a highly diluted condition as [Zn]/[monomer] = 1:17 400. Macrocyclic complexes
36—40 show negligible activity for copolymerization.

Introduction erization reaction by dinuclear homogeneous Zieghtatta
) ) ) ) catalystd are among the typical examples. To achieve the
Bimetallic cataly_S|s hgs be_e_n_commonly observed in metal- cooperative action of the two metal centers that is exhibited by
Ioenzymes,. and sc_:lentlflc activities ha\{e pegn devoted not only natural metalloenzymes, the two metals should be suitably
to reveall 'FS action but .also.to mimic Its advantageous arranged in space by the construction of a well-designed ligand
characteristics b_y constrgctlng t_)lm_etalhc systémsymmetric system. Recently, a large numberfstliketiminato complexes
aldol condensation by bimetallic zinc complekesid polym- have been reported in bioorganic, main-group, and transition-

metal chemistry. We envisaged synthesis of bis(diketimine)

T Ajou University.

+LG Chem Ltd compounds such dsandll . A macrocyclic compound of type
(1) (a) Gavrilova, A. L.; Boshich, BChem. Re. 2004 104, 349. (b) Belle, II' with R = H was recently reported but the metal complexes
C.; Pierre, J.-LEur. J. Inorg. Chem2003 4137. (c) Kim, E.; Shearer, J.; ; f
L0'S. Ménne-Loccoz, P.: Helton, M. E.- Kaderli. S.: Zubétber, A. D.: Fjer|ved from the cpmpound either are not sgluble or decompose
Karlin, K. D. J. Am. Chem. So2004 126, 12716. (d) Webster, C. E.; in common organic solvents, thus hampering further stiiies.

Darensbourg, M. Y.; Lindahl, P. A.; Hall, M. Bl. Am. Chem. So2004 A P
126, 3410. (&) Chang, C. J.; Loh. Z-H.. Shi. C. Anson, F. C.. Nocera, 0. Most of the recently reportefi-diketiminato complexes are

G. J. Am. Chem. So@004 126, 10013. (f) Shimazaki, Y.; Nagano, T.;  those derived from ligands bearimgraryl ortho substituents.

Ig"gg“‘ig)”,(gd‘;guT&‘,‘t;YNaT’ggi,"‘&ge,Vyat‘;;‘;’;‘a'Q‘ %ﬂg?‘ k. The substituents endow the complexes not only with enhanced

Hirota, S.; Fujinami, S.; Suzuki, MAngew. Chem., Int. E@004 43, 334. solubility but also with more stability. Furthermore, the structure
(h) Zhang, F.; Jennings, M. C.; Puddephatt, ROdgganometallics2004 . . .
23, 1396. (i) Rowsell, B. D.; Trepanier, S. J.; Lam, R.; McDonaid, R.; and the reactivity are highly sensitive to tiaryl ortho

Cowie, M. Organometallic2002 21, 3228. (j) Bazzicalupi, C.; Bencini, ituents. nthesis an lication of macr li m-
A.; Bianchi, A.; Duce, C.; Fornasari, P.; Giorgi, C.; Paoletti, P.; Pardini, subst tu.e ts. Synthesis a d applicatio .O . acrocyciic co

R.; Ting M. R.; Valtancoli, B. Dalton Trans.2004 463. (k) Gao, J.; pounds is also currently a hot research field in supramolecular
Reibenspies, J. H.; Martell, A. E.niigew. Chem., Int. EQR003 42, 6008. H H ;

() Costas. M.: Xifra, R.. Liobet. A: Sola. M- Robles, J.: Parella. T.: chemistry® In the dlnluclear complgxes derived frdnandll ,
Stoeckli-Evans, H.; Neuburger, Nhorg. Chem 2003 42, 4456. the two metals are situated opposite each other at a distance of

(2) (a) Matsunaga, S.; Yoshida, T.; Morimoto, H.; Kumagai, N.; Shibasaki,
M. J. Am. Chem. So@004 126, 8777. (b) Trost, B. M.; Silcoff, E. R.;

Ito, H. Org. Lett.2001, 3, 2497. (c) Trost, B. M.; Yeh, V. S. C.; Ito, H,; (3) (a) Li, H.; Li, L.; Marks, T. JAngew. Chem., Int. E@004 43, 4937. (b)
Bremeyer, N.Org. Lett.2002 4, 2621. (d) Trost, B. M.; Ito, H.; Silcoff, Guo, N.; Li, L.; Marks, T. JJ. Am. Chem. So@004 126, 6542. (c) Li,
E. R.J. Am. Chem. SoQ001, 123 3367. (e) Trost, B. M.; Fettes, A,; H.; Li, L.; Marks, T. J.; Liable-Sands, L.; Rheingold, A. 1. Am. Chem.
Shireman, B. TJ. Am. Chem. SoQ004 126, 2660. (f) Kumagai, N.; So0c.2003 125, 10788. (d) Li, L.; Metz, M. V; Li, H.; Chen, M.-C.; Marks,
Matsunaga, S.; Kinoshita, T.; Harada, S.; Okada, S.; Sakamoto, S T. J.; Liable-Sands, L.; Rheingold, A. lJ. Am. Chem. So2002 124
Yamaguchi, K.; Shibasaki, Ml. Am. Chem. So003 125, 2169. 12725.

10.1021/ja0435135 CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 3031—3037 = 3031
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~5 A, and consequently cooperative actions of the two metal Scheme 1 2

centers are to be expected in some catalysis reactions. R Ph R NH
2
Jph /)—ph C T,
Br N iyiiy (HO).B ii)-iv)
R R R
1.2 3 |4 5 6 7.8 9 Q
R| iPr Et Me R[ iPr Et Me R| iPr Et Me Ha

a(i) n-BulLi; (i) B(OiPr); (iii)1,2-dibromobenzene, Pd(PBh (3 mol
%), N&COs; (iv) HCI.

in reduced activity. Even though thg-diketiminato zinc
complexes have a strong tendency to form the associated
dinuclear species in solution, the probability for the complexes

_P to be present as the relatively less active monomeric species is

o . ; . .
Ar increased by reducing the concentration of the catalyst, that is,

: ‘\? ' by reducing the [Zn]/[monomer] ratio in neat polymerization
é Zr f‘/ i conditions. Dissociation to less active monomeric species can

be excluded for bimetallic zinc complexes derived fromand

I, and hence high activity is expected even at a low [Zn]/

[monomer] ratio. By realization of high activity at the low mole

ratio, increase of turnover number (TON) and concomitant
Coates et al-® have shown that th@-diketiminato zinc increase of molecular weight by its living pqumerization

complexes can serve as catalysts for epoxide/@polymer- charactt_er are expected. The cppolymer shows brittle chafcter.

ization. The activity is highly sensitive to thi-aryl ortho Increasing the molecular weight may be one of the tools to

substituents. They attributed this sensitivity to the formation of ©vercome the brittieness.

an associated bimetallic active species and proposed bimetallicResults and Discussion

catalytic action agll .8 If the substituents are too small, such

as methyl, the complex forms a tightly bound bimetallic

complex, which is not active. If the substituents are too large,

the complex cannot form the bimetallic species and this results

O‘P
n

Synthesis and Characterization.Key building blocks for
constructing compound$ and Il are the 4,4-diaminoo-
terphenyl derivatives bearing alkyl substituents at the 3,'5, 3
and 3' positions, for which the synthetic route is shown in
(4) (a) Bourget-Merle, L.; Lappert, M. F.; Severn, J.Ghem. Re. 2002 102, Scheme 1N-Diphenylmethylene-2,6-dialkyl-4-bromoanilines

3031. (b) Singh, S.; Kumar, S. S.; Chandrasekhar, V.; Ahn, H.-J.; Biadene, 1 _ ; ~ i _

M.. Roesky, H. W: Hosmane, N. S.: Noltemeyer. M.: Schmidt, H.-G. 1 3_are prepqred in 50-g scale t_)y the tetraethyl orthosm_cate

Angew. Chem., Int. EQ004 43, 4940. (c) Zhu, H.; Chai, J.; Ma, Q.; Jancik, ~ mediated Schiff base condensation of benzophenone with the

V.; Roesky, H. W.; Fan, H.; Herbst-Irmer, R. Am. Chem. SoQ004 : : i ; S

126, 10194. (d) Basuli, F.; Bailey, B. C.; Brown, D.; Tomaszewski, J.; corre_spondlng 2,6-(_1|alkyl—4-bromo.anlllln_’ésThe dlph?nylketlmllne

ngniggbg.(c).;KBaik, l\é.-l}.,”wlin%ols\,/ D. JJ.TAr|r_1|. %hem. Soﬁ)ﬁt\M functional group is stable to lithiation conditions-BulLi,

. (e) Kogut, E.; Zeller, A.; Warren, T. H.; Strassner] TAm. _ 12
Chem. S0c2004 126 11984, (f)'Zhu, H.; Chai, J.. Chandrasekhar, v.;  tétrahydrofuran (THF),—78 °CJ** and hence the bromo
Roesky, H. W.; Magull, J.; Vidovic, D.; Schmidt, H.-G.; Noltemeyer, M.;  compoundsl—3 can be converted to boronic acidis 6 by the

Power, P. P.; Merrill, W. AJ. Am. Chem. 126 9472. (g) Basuli ) . ; . .
F?Végliriey, B C. Itirlljf’fmané]\]. e é:ailinlcll.—sl-?? R/I%diolg,gD. J. 2 Chem.  conventional method, in good yields (887%). Suzuki coupling

gocgggi 1122% h%%- ((h)) Eai,é.;lfa}?o%r, P.;V\/\\//aréenl,le. Bl-.tACﬂ. Ch%m.P reactions of the boronic acids with 1,2-dibromobenzene and
OC. A { nignt, L. K.; Plers, . E.; Fleurat-Lessard, P.; . . _—

Parvez, M.; McDonald, ROrganometallic2004 23, 2087. (j) Peng, Y.; subsequent hydrolysis of the diphenylketimine group under
fa”'E'&";th“’?* RffSkyk’ HBW-;I_MEQUIE_’IJ-; Hughe-";,g“ﬁ)?_em Che”&:_ acidic conditions affords blue fluorescent diamino compounds
. Eq 2004 43 3443. (k) Basull, . Kilgore, U. J.; Hu, X.. Meyer, K. 7—9 in 82—87% vyields. The synthetic method is so straight-
Pink, M.; Huffman, J. C.; Mindiola. D. JAngew. Chem., Int. EQ004 (Y% . Y g

43, 3156. (I) Bernskoetter, W. H.; Lobkovsky, E.; Chirik, P.Qhem. i i - i
Commun2004 764. (m) Vela, J.; Stoian, S.; Flaschenriem, C. J.; Munck, forward that7 (.:an b?.syr.]theSIZEld in 7 9 .Scale Wl.thOUt an.y
E.; Holland, P. L.J. Am. Chem. So@004 126, 4522. (n) Laitar, D. S.; chromatographic purification procedure. Since various Schiff
Mathison, C. J. N.; Davis, W. M.; Sadighi, J. forg. Chem2003 42 base metal complexes of bulky 2,6-diisopropylaniline have been

7354, o e
(5) Lee, S.Y.;Na, S. J.; Kwon, H. Y.; Lee, B. Y.; Kang, S.Qrganometallics developed as precursors for olefin polymerization catalysts,
2004 23, 5382. _ i
(6) (a) Sessler, J. L.: Seidel. Bngew. Chem., Int. ER003 42, 5134. (b) compounds7—9 may be used as building blocks to construct
Miranda, C.; Escarti, F.; Lamarque, L.; Yunta, M. J. R.; Navarro, P.; Garcia- such bimetallic complexes.
Espana, E.; Jimeno, M. L. Am. Chem. So@004 126, 823. (c) Chang,
S.-Y.; Kim, H. S.; Chang, K.-J.; Jeong, K.-Srg. Lett.2004 6, 181. (d)
Evans, L. S.; Gale, P. AAngew. Chem., Int. EQR004 43, 1286. (e)
Yamaguchi, Y.; Kobayashi, S.; Miyamura, S.; Okamoto, Y.; Wakamiya,
T.; Matsubara, Y.; Yoshida, Z.-Angew. Chem., Int. ER004 43, 366.
(f) Wang, M.-X.; Zhang, X.-H.; Zheng, Q.-LAngew. Chem., Int. EQ004
43, 838. (g) Sessler, J. L.; Katayev, E.; Pantos, G. D.; Ustynyuk, Y. A.
Chem. Commur2004 1276. (h) Boiocchi, M.; Bonizzoni, M.; Fabbrizzi,
L.; Piovani, G.; Taglietti, A.Angew. Chem., Int. EQR004 43, 3847. (i)
Fabbrizzi, L.; Foti, F.; Patroni, S.; Pallavicini, P.; Taglietti, Angew.
Chem., Int. Ed2004 43, 5073, (j) Zhang, W.; Moore, J. S. Am. Chem.
Soc.2004 126, 12796. (k) Shimizu, S.; Anand, V. G.; Taniguchi, R;
Furukawa, K.; Kato, T.; Yokoyama, T.; Osuka, A.Am. Chem. So2004
126, 12280. (I) Sarri, P.; Venturi, F.; Cuda, F.; Roelens])S0rg. Chem.
2004 69, 3654. (m) Angelovski, G.; Costisella, B.; Kolaric, B.; Engelhard,
M.; Eilbracht, P.J. Org. Chem2004 69, 5290. (n) Leonard, M. S.; Carroll, ; _ ; _ ;
P.’3.; Joullie, M. M.J. Org. Chem2004 69, 2526. (o) Evans, L. S.; Gale. Reaction of7—9 with excess 2,4-pentanedione affords the
P. A. Chem. Commur2004 1286. desireds-ketoamines, but various attempts to construct com-

—X= lorll (1)

3032 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005
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Figure 1. Thermal ellipsoid plot (30% probability level) df5. Selected
bond distances (in angstroms) and angles (in degrees): —(1)pb),
1.266(5); C(15Y-C(16), 1.456(6); C(16¥C(21), 1.404(6); N(2rC(21),
1.379(6); N(3)-C(38), 1.275(5); C(38)C(39), 1.459(6); C(39)C(44),
1.421(6); N(4)-C(44), 1.354(6); C(15)N(1)—C(10), 117.6(4); N(Ly
C(15)-C(16), 126.1(5); C(21)N(2)—C(22), 123.8(5); C(38}N(3)—C(33),
121.8(4); N(3-C(38)-C(39), 124.8(5); C(44)yN(4)—C(45), 126.8(5).

pounds of typesl or Il from the -ketoamines were not
successful (eq 1). Instead of constructirandll , syntheses of
related anilido-aldimine compounds were pursued (Scherife 2).

Scheme 2 @

H H. (j
R |N F R |NHN R
o =
R R R’
|N F N HN@

R | R'
H H
10 11 12 113 14 15 16 17 18 19
R]| iPr Et Me R|iPr Et Me Me Et Et iPr

R'|iPr Et Me iPr Me iPr Et
a(i) 2-Fluorobenzaldehyde; (ii) Li(H)NCgH3R'5.

Schiff basesl0—12 are prepared by the conventional method
in good vyields (73-87%). Nucleophilic aromatic substitution

Scheme 3 @

H

H){@
20 21 22
R| iPr Et Me

of the fluoride with Li(H)NAr affords the desired bis(anilido-
aldimine) compound&3—19in excellent yields (8695%). The
IH and3C NMR spectra and the elemental analysis data are in
agreement with the structures, and the connectivitl ®fs
confirmed by X-ray crystallography (Figure 1).
Thirty-membered macrocyclic bis(anilido-aldimine) com-
pounds are also effectively synthesized as well. The synthetic
route used for constructing the acyclic bis(anilido-aldimine)
compoundsl3—19 (Scheme 2) does not work in these cases
and another was devised (Scheme 3). An amination reaction of
7—9 with 1,3-dioxolane-protected 2-bromobenzadehyde and
subsequent deprotection of the dioxolane group furnigfes
22in 73—87% yields!® Cyclization is carried out by refluxing
the aldehydes with HCl salts @9 in ethanol for several days.
HCI salts of the cyclized compounds are deposited from the
ethanol solution and neutralized with aqueous Nakl€gution.
The macrocyclic compound&3—28 are routinely purified by
column chromatography on silica gel and the isolated yields
are exceptionally high (#388%). The high yields may be
attributed to a proton-template effect or to rigidity of the
macrocycles® The 1H and 13C NMR spectra and fast atom
bombardment (FAB) mass data are in agreement with the ring
structure.

Reactions 0fl3—19 and 24—28 with excess MgZn furnish
guantitatively the desired dinuclear methylzinc complexes
(Scheme 4). In théH NMR spectra, the NH proton signals
that are observed in the 301 ppm range fol3—19 and23—

28 completely disappear and new Z@H; proton signals
appears at-0.5 to —1.0 ppm as singlets. Th#d NMR study
indicates that the corresponding reaction of the macrocyclic
compound23, which bears isopropyl groups on both sides, gives
cleanly a monometalated complex. Even heating t6¢@dor
several days does not provide the desired dinuclear complex.
Becauses-diketiminato alkoxy or acetoxy zinc complexes are
reported to be effective catalysts for epoxidefQ@polymer-
ization, transformation of the methylzinc complexes to the
corresponding alkoxy or acetoxy complexes by treatment of
methanol or acetic acid were attempted, but the trails were
unsuccessful. The demetalated ligands were the main products.

Because alkylsulfinato complexes likewise were reported to
be active initiators for the epoxide/GCcopolymerization,
transformation of the methylzinc complexes to the corresponding
methylsulfinato complexes was pursued (Schenmié Ajidition
of anhydrous S@gas to the methylzinc complexes results in

H
R'
H)\@

|23 24 25 26 27 28

iPr Et Me iPr Et Me
iPr Et Me Me Me iPr

R
R'

a(i) Pd(OAc), (0.8 mol %), DPEphos (1.2 mol %), MaBu; (ii) HCI; (iii) HCI salt of 7—9; (iv) ag NaHCQ.

J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005 3033
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Scheme 4 @

H H
' Rl
R IN\ /N R N\ /N R
i)-ii) O R O/Zr\] R' O R’O/QOR g
1319 7 - ~a_ Me-SZ ~q.
or 24.28 | MeSR\O\/ >S-Me or | >0 /RS Me |
R
SH-COIRATWCe
R | N R’ Rl R
H H

|29 30 31 32 33 34 35

iPr Et Me Me Et Et iPr
iPr Et Me iPr Me iPr Et

R
R'

a (i) Meazn; (ii) SOs.

several sets of rather compléil and3C NMR signals. The
Zn—CHgs signal is completely removed but several new singlet
signals, which can be assigned teGHs, are observed in the
1-2 ppm range in théH NMR spectra (@Ds, 25 °C). Three
N=CH signals are observed at 8.10, 8.07, and 8.04 ppm in 0.43:
0.31:0.26 ratio as singlets in thel NMR spectrum (@Ds, 25

36 37 38 39 40

R| Et Me /Pr Et Me
R'| Et Me Me Me iPr

are fully observed in th&C NMR spectra. Only a set of signals
is observed foB1land a set of signals is dominant with minimal
amounts of minor isomers (less than 10%) 8%—34. When

the temperature is increased to 10D in the'H NMR study
(tolueneds), several sets of signals collapse to a set of signals
for all complexes. The signals for the bis(anilido-imine) ligand

°C) of 29, and four S-CHjs signals are observed as singlets at frame are sharp although the-SHjz signals are very broad at
1.93, 1.83, 1.65, and 1.53 ppm in 0.15:0.26:0.43:0.15 ratio. 1.5-2.0 ppm. Similarly, several sets of signals (two sets for
Three S-C signals are also observed at 48.01 (weak), 46.89 36—37 and39—40 and three sets fd88) are observed for the
(strong), and 48.06 (weak) ppm in tH€ NMR spectrum. These  macrocyclic complexes in the room-temperatdteé NMR
observations may be explained by isomerism that arises fromspectra, but in these cases too, the sets of signals collapse to a
the tetrahedral nature of the sulfur atom and the dinuclear set on heating to 100C in toluenees. Contrasting with the
u-methylsulfinate structure shown in Scheme 4. The similar observation of broad-SCHjs signals for29—35, sharp S-CHjs
u-ethylsulfinate-bridged structure was also observed for mono- signals are observed in the high-temperafiteNMR spectra

nucleatings-diketiminato complexe¥’ For theu-methylsulfi-
nate structure, three isomers are possible from the relative
configurations of the methyls at the tetrahedral sulfur centers,
as shown in Figure 2. For isomer A, the twe-SH;z methyls

N -

v MNar N N N N-Ar
'Zn,/ Zn, Zn,
o, o7, o” 0
& N\§Me & g Me I Me L "

Me 1> 1 T "Me I Me 1> 1T
O _ O O o O
2 “ 2

. \
N N-Ar N N ' N/ N’Ar
A\ B \_/ c U

Figure 2. Possible isomers fa29—35.

are not equivalent and observation of two separate signals is

expected in théH and 13C NMR spectra. For the B and C

isomers, the two methyls are equivalent and hence a single signa; o)

is expected. Observation of threesl€H signals in 0.43:0.31:
0.26 ratio and four SCHjs signals in 0.15:0.26:0.43:0.15 ratio
can be well interpreted as the presence of the three isomers
Observation of three SCHj signals instead of four in th&C
NMR is probably due to collapse of two signals to a single
one. The same three sets of signals are observed HthéR
spectra oB0and35. In these cases, four-8CH3 carbon signals

(7) (a) Coates, G. W.; Moore, D. ”Angew. Chem., Int. EQ004 43, 6618.
(b) Allen, S. D.; Moore, D. R.; Lobkovsky, E. B.; Coates, G. W.Am.
Chem. Soc2002 124, 14284. (c) Cheng, M.; Moore, D. R.; Reczek, J. J.;
Chamberlain, B. M.; Lobkovsky, E. B.; Coates, G. W.Am. Chem. Soc
2001, 123 8738. (d) Moore, D. R.; Cheng, M.; Lobkovsky, E. B.; Coates,
G. W. Angew. Chem., Int. EQ002 41, 2599. (e) Byrne, C. M.; Allen, S.
D.; Lobkovsky, E. B.; Coates, G. W. Am. Chem. So2004 126, 11404.

(8) Moore, D. R.; Cheng, M.; Lobkovsky, E. B.; Coates, G. WAmM. Chem.
So0c.2003 125 11911.
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of the macrocyclic complexe®6—40. Single crystals suitable

(9) For other catalyst systems for epoxide/Q@lymerization: (a) Darens-
bourg, D. J.; Phelps, A. L.; Gall, N. L.; Jia, lAcc. Chem. Re2004
ASAP. (b) Lu, X.-B.; Wang, Y Angew. Chem., Int. EQ004 43, 3574.

(c) Qin, Z.; Thomas, C. M,; Lee, S.; Coates, G. Whgew. Chem., Int. Ed.
2003 42, 5484. (d) Chisholm, M. H.; Zhou, ZI. Am. Chem. So2004
126, 11036. (e) Darensbourg, D. J.; Yarbrough, J. C.; Ortiz, C.; Fang, C.
C.J. Am. Chem. So@003 125, 7586. (f) Darensbourg, D. J.; Yarbrough,
J. C.J. Am. Chem. So@002 124, 6335. (g) Chisholm, M. H.; Gallucci,
J.; Phomphrai, Klnorg. Chem.2002 41, 2785. (h) Darensbourg, D. J.;
Rodgers, J. L.; Fang, C. thorg. Chem2003 42, 4498. (i) Darensbourg,
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Figure 3. Thermal ellipsoid plot (30% probability level) &4. Selected
bond distances (in angstroms) and angles (in degrees): NZRY8),

1.984(4); N(73)Zn(77), 2.000(4); N(76yZn(78), 1.938(4); N(74)¥Zn-

(77), 1.938(4); O(71yZn(78), 1.963(4); O(72)Zn(78), 1.969(3); O(69)

Zn(77), 1.943(3); O(76yZn(77), 1.990(3); C(65)yN(75), 1.304(5); C(66)

N(73), 1.290(5); C(7¥N(76), 1.358(6); C(36)yN(74), 1.360(5); C(65)

N(75)—C(13), 116.2(4); C(66)N(73)—C(28), 116.9(4); C(AyN(76)—C(1),

120.1(4); C(36)-N(74)—C(37), 117.4(4); N(76)Zn(78)-N(75), 97.35(15);
N(74)—-Zn(77)-N(73), 96.15(15); O(71)Zn(78)-0O(72), 103.61(15); O(69)

Zn(77)-0(70), 103.96(14); O(78)S(68)-0(72), 109.2(2); O(76)S(68)~

C(63), 99.4(2); O(72yS(68)-C(63), 99.0(3); Zn(7#Zn(78), 4.867.

for X-ray crystallography are obtained for complex@tand

Figure 4. Thermal ellipsoid plot (30% probability level) @f0. Selected
bond distances (in angstroms) and angles (in degrees): ZN(B8), 1.978-
(5); Zn(2)-N(4), 1.978(5); Zn(1¥N(1), 1.928(5); Zn(2}N(2), 1.939(5);
Zn(1)-0(2), 1.943(4); Zn(1yO(3), 1.946(4); Zn(2yO(1), 1.947(4);
Zn(2)—0(4), 1.955(4); C(13yN(3), 1.307(8); C(44yN(4), 1.294(7);
C(15)-N(1), 1.350(7); C(38}N(2), 1.352(7); C(13)¥N(3)—C(10), 122.9(5);
C(44)-N(4)—C(45), 121.8(5); C(15yN(1)—C(20), 122.0(5); C(38)N(2)—

C(35), 123.0(5); N(1>Zn(1)—N(3), 97.5(2); N(2)-Zn(2)—N(4), 98.1(2);
0(2)-Zn(1)-0(3), 110.93(19); O(HZn(2)-0(4), 109.74(19); Zn(L)y

Zn(2), 4.690.

and 8.987 A for34 and 15, respectively). The N(anilide)

40, where one isomer is predominant at room temperature, andN(anilido) separation (7.988 A) is significantly longer than the
their molecular structures have been confirmed by X-ray N(imine)~N(imine) separation (6.829 A).

crystallography (Table 2, Figures 3 and 4).
X-ray Crystallographic Studies. Figure 1 shows an Ortep

Solid structure off0is shown in Figure 4 with selected bond
distances and angles. One of the two £13 fragments is

drawing of 15 with selected bond distances and angles. The disordered. By forming a macrocyclic ligand framework, both
metal binding sites are not situated opposite each other as inthe Zn-Zn separation (4.690 and 4.867 A fd0 and 34,

the macrocyclic compoun@®38—28. Interestingly, the C benzene

respectively) and the N(anilido)-N(anilido) separation (7.365

ring is situated slightly bent away from the B ring, which is and 7.988 A for40 and 34, respectively) are contracted while

measured by deviation of the €E€30-C33 angle form the

the N(imine}-N(imine) separation (7.139 and 6.829 A #40

normal 180 to 169.9. The same directional bending of the and34, respectively) is elongated. The reduced-Zm separa-

N3 atom from its normal position is also observed (E8B3—

tion induces not only reduction of the average-Z distance

N3 angle, 169.9. These deviations are probably due to the (1.948 and 1.966 A fo#0and34, respectively) but also increase

repulsion between the-electrons on the B and C rings.
Figure 3shows the-methylsulfinate structure 4. It reveals
an eight-membered jagged metallacycle with aZn separa-

of the O-Zn—0O angle (average 110.34nd 103.79 for 40
and34, respectively). Both the reduced Z@ distance and the
shift of the O-Zn—0 angles close to the ideal tetrahedral value

tion of 4.867 A, a distance slightly shorter than that observed may imply that the methylsulfinate ligand is more tightly bound

for the associated dimerfdiketiminato complef{(CeHziPr)N=
C(Me)CH=C(Me)N(CsH3iPr)]Zn(u-EtSOy)} 2 (4.98 A) 17 Each

in the macrocyclic complexX0. The N(imine}-ring A(cen-
troid)—N(imine) and the N(anilide}ring B(centroid>-N(a-

zinc atom is situated on a plane formed by the chelated ligand nilido) angles are close to the ideal value of §60.46 and
(dihedral angles of C31C66—N73—Zn77 and C12C65— 62.37, respectively). Each zinc atom is situated in a plane
N75-2Zn78,—2.2 and 0.2, respectively), which contrasts with ~ formed by the chelated ligand and the two chelated six-
the observation of a slightly puckered structure found membered rings are situated almost in a plane [angle between
in {[(CeHiPr,)N=C(Me)CH=C(Me)N(GsHsiPr,)]Zn(u-EtSQy)} » the planes, 2.91(23)

(the corresponding dihedral angle, %.2” Almost perpendicular Polymerization Studies.The main expected advantage of
arrangements between the chelated six-membered rings and théhe complexe&9—40 for epoxide/CQ copolymerization is that
benzene rings attached to them are observed. Fad(@nine) they can form a dinuclear active species, as proposed by Coates
distances [1.304(5) and 1.290(5) A] are increased by the and co-worker§,even at a low [Zn]J/[monomer] ratio. They
coordination of zinc [the corresponding distanced®1.266- usually carried out the copolymerization reactions with the
(5) and 1.275(5) A] while the EN(anilido) distances are not  g-diketiminato zinc complexes in a neat monomer with [Zn}/
altered severely by the coordination. The N(imingihg A(cen- [monomer]= 1:10007-8 In that situation, the attainable maxi-
troid)—N(imine) angle (57.4%) is substantially reduced by the mum TON is limited to 1000 and actually it is further limited
coordination (the corresponding angle ft, 78.95), which to ~500 by the limited conversion~50%) caused by viscosity.
triggers a reduction of the N(imineN(imine) separation (6.829  Because the catalyst shows living character, the molecular
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Table 1. Cyclohexene Oxide (CHO)/CO; Copolymerization 34, bearing ethyl and isopropyl groups, are so highly active that
Results the limited TONs (1560 and 1450, respectively) are almost
enty catayst time(h) TON® TOF®  Spcarbonate’ M M/M,° achievedm 5 h (entries 4 and 8). The TOFs are calculated to
1 29 f be 312 and 290, respectively, and these values are substantially
2 30 10 1680 168 96 129000 1.3 higher when compared with that observed ff{CsHsEt:)N=
3 3 10 1060 106 93 80000 1.3 C(ME)CH=C(MEIN(C-H-ELZN(u-OS(O)E hiah 1Znl/
4 32 5 1560 312 94 225000 1.7 (Me)CH=C(Me)N(CsH3E)]Zn(u-OS(O)Et} 2 at high [Zn]
59 32 10 2720 272 91 261000 1.6 [CHQ] ratio of 1:1000 (TOF 164)7 Coates and co-workets
6" 32 15 2980 200 91 284000 1.7 reported that the zing-diketiminato complex, where both aryls
Z; gi 1g 12;8 23(7) gg 23)2 %%% 113;3 are 2,6-dimethylphenyl, is totally inactive because of formation
9 35 10 670 67 85 88000 1.3 of tightly bound associated dimeric species, but the bis(anilido-
10 3640 10 f imine) complex31, where both aryls bear methyl substituents,
11 BDI 10 56 5.6 74 27000 1.8

@ Polymerization conditions: neat CHO (8.0 mL, 79 mmol), [Zn]/[CHO]
= 1:5600, 80°C, 12 bar of CQ (initial pressure)® Turnover number in
moles of CHO consumed per mole of Zilurnover frequency in moles
of CHO consumed per mole of Zn per ho@iEstimated by!H NMR
spectroscopy? Determined by GPC, calibrated with polystyrene standard
in THF. fNegligible. 9 Neat CHO (16 mL), [Zn]/[CHO}= 1:11 200." Neat
CHO (24 mL), [ZnJ/[CHO]= 1:16 800. BDI = {[(C¢H3sEt)N=C(Me)CH=-
C(Me)N(GsH3zE)]Zn(u-OS(O)EL} 2.

shows fairly good activity (entry 3). Noteworthy is thas,
which bears the isopropyl group in its imine moiety and ethyl
groups in the anilido moiety, shows low activity (TON 670,
TOF 67) while32, which bears the same substituents but with
their positions exchanged, is highly active (TON 1450, TOF
290). The TON 0f32 can be almost doubled (TON 2720) by
reducing the [Zn]/[CHO] ratio by 2-fold (1:11200) and
simultaneously increasing the reaction time by 2-fold (entries

weight of the obtained polymer is governed by the TON. To 4 and 5). When the mole ratio is reduced 3-fold (to 1:16 800)
achieve high TON, and consequently to obtain high molecular @1d the reaction time is tripled (to 15 h), the complex shows
weight polymer, the [Zn]/[[monomer] ratio should be reduced. still a higher TON (2980) but it is not tripled (entry 6). Some

The zinc complexes constructed from the mononucleating deactivation by protic impurities in the monomer may be

p-diketiminate ligands exist in an equilibrium involving mon-

inevitable in that highly diluted condition, thus not giving the

omeric and associated dimeric species. Even though somedesired tripled TON.

complexes strongly favor the active dimeric species, the

The macrocyclic complexe36—40 show negligible activity

probability for the less active monomeric species increases byin the standard polymerization condition. This negligible activity

reducing the mole ratio, which might result in low activity under
low mole ratio conditions. Recently, [AHRC(Me)CH=C(Me)-
NAr]ZnN(SiMes), (Ar = 2,6-diethylphenyl or 2,6-diisopropy-
Iphenyl), which showed high activity at the relatively high [Zn]/

is presumably attributed to the tight binding of the methylsul-
finate ligand, which hampers the initiation reaction. Observation
of the sharp SCHjs signals in thetH NMR spectra (100C,
tolueneds) of 36—40 and observation of the relatively short

[cyclohexene oxide] ratios of 1:1700 and 1:1000, was reported Zn—0O distances and the ideal tetrahedratZn—0O angles in

to show negligible activity (TOF 32) at the low mole ratio of
[Zn]/[cyclohexene oxide} 1:33008

the X-ray structure o#0 support that the methylsulfinate is
strongly bound in the preorganized macrocyclic rings, thus not

The standard polymerization condition is set at a more dilute permitting initiation.

[Zn]/[cyclohexene oxideF 1:5800 to ascertain #9—40 show
high activity even at the low mole ratio. Dissociation to the
less active monomeric species can be exclude@%t40. To

As expected, molecular weights of the polymer can be
increased by the increase of TONs and number-average mo-
lecular weight M) up to 284 000 is attained (entry 6). The

realize the polymerization activity at such a low concentration reported molecular weightsv,) of the polymers obtained by

of catalysts, the cyclohexene oxide (CHO) and,GBould be

the conventional zinc complexes of the mononuclegiialiketim-

rigorously purified (see Experimental Section in the Supporting inate ligands have not exceeded 50 000. Observation of rather
Information). Under standard conditions, a negligible amount proad molecular weight distribution®(,/M, 1.3—1.7) may be

of polymer (TON 56, TOF 5.6; entry 11 in Table 1) is obtained
with {[(CsH3Et)N=C(Me)CH=C(Me)N(CsH3Et,)]Zn(u-OS-
(O)Et)} 2, which was reported to show high activity at high [Zn]/
[CHQO] ratio of 1:1000 (TON 328, TOF 164Y.The complex is

explained by some kind of chain transfer reaction at the high
polymerization temperature (855 °C). Coates and co-work-
ers7,8 observed narrow molecular weight distributions at
relatively lower polymerization temperature (80), and Rieger

chosen as a comparison catalyst because the correspondingnd co-workerS also observed broadening of the molecular
acetoxy derivative was reported to have the strongest tendencyyeight distribution by increasing the polymerization temperature
to form the associated dimeric species, even at high tempera+g 70 °C. Molecular weights of polymers obtained in 5 h
ture® As expected, all acyclic bis(anilido-imine) complexes polymerization time are in good agreement with those calculated
except29 show high activity under standard conditions. The fom the TONs (entries 4 and 8) but those of the polymers

turn of frequency (TOF) is still sensitive to thé-aryl ortho

obtained in 10 or 15 h are rather lower than the calculated

substituents, as is observed for the zinc complexes of theygiyes, which implies that some kind of chain transfer reaction

mononucleating-diketiminates. In the standard polymerization,

occurs during the long polymerization times. The main drawback

the solution is stirred by using a magnetic stirring bar, and in ¢ the CQ/CHO copolymer compared with the conventional

that case, maximum conversion was limited #80% by
viscosity, which limited the attainable TON te1700. The

bisphenol A-based polycarbonate is the brittleri€3he chain
entanglement molar madd,, was reported to be about 15 000,

complex32, bearing methyl and isopropyl groups, and complex  \hich is comparable to that of brittle polystyrene but substan-
_ tially higher than that of bisphenol A-based polycarbonate
(1800). The increased molecular weight may induce to more

(18) van Meerendonk, W. J.; Duchateau, R.; Koning, C. E.; Gruter, G.-J. M
Macromol. Rapid Commur2004 25, 382.
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Table 2. Crystallographic Parameters of 15, 34, and 40

15 34 40
formula GsoHs0N4 Ce6H78N 404522+ (CoH500.5) CegH72N404SZn;
fw 730.96 1223.34 1204.26
T, K 293(2) 150(2) 150(2)

a A 8.1137(5) 24.4623(10) 41.0701(2)
b, A 13.1016(7) 12.9181(3) 15.8235(5)
c, A 39.0663(14) 24.3219(10) 22.6557(8)
o, deg 90 90 90

B, deg 92.2016(3) 118.4620(10) 101.666(2)
y, deg 90 90 90

vV, A3 4149.8(4) 6756.9(4) 14 419.2(7)
crystal system monoclinic monoclinic monoclinic
space group P2:/N P2/a C2lc

D(calc), gcm™t 1.170 1.203 1.109

VA 4 4 8

w, mmt 0.068 0.819 0.767

no. of data collected 12 040 65 938 52 341
no. of unique data 3548 15472 15374
no. of variables 521 810 812

R (%) 0.0528 0.0717 0.0864

Ry (%) 0.1026 0.2156 0.2650
goodness of fit 1.006 1.057 1.019

aData collected with Mo I& radiation f.(Ko) = 0.7107 A];R(F) = Y ||Fol — |Fcll/3|Fol With Fo > 2.00(1); Ry = [Y[W(F2 — FA3/ Y [W(Fo)33 Y2 with
Fo > 2.00(1).

efficient chain entanglements, consequently resulting in in- Activity is sensitive to theN-aryl ortho substituents and the

creased toughness. highest activity is observed witt82, bearing methyl and
The carbonate linkage is more than 90% for all polymers isopropyl substituents. The complex shows high activity at
obtained by the catalysts showing high activity (entries8p extremely dilute conditions such as [Zn]/[monomer]:16 800

Only the polymer obtained b5, which shows relatively lower  and TON up to 2980 is attained. High molecular-weight
activity, has rather low carbonate linkage (85%). The copolymer polymers I, up to 284 000) are obtained by the increase of
obtained by the comparison catalyst under standard conditionsToNs. The macrocyclic complexe36—40 show negligible
contains a substantial amount of ether linkage (carbonate 5¢yivity. While this work strongly supports the bimetallic
linkage, 74%). The'H NMR spectra of the polymerization mechanism proposed by Coates and co-wofkdes the

solutions indicate that only a few percent&%) of cyclic copolymerization of CHO/C@ others such as Darensbourg and
carbonate compound is formed during the polymerization. co-workers with (Salen)Cr(Ill) and Chisholm and co-workers
Conclusion with (porphyrin)Al(lll) have observed a reaction pathway that
Acyclic bis(anilido-aldimine) compound48—19in Scheme i_nvolves only one metal cent_élDif_ferent metals with different
2) and 30-membered cyclic bis(anilido-aldimine) compounds ligand sets may well react via different pathways.
(23—28 in Scheme 3) have been prepared. Yields in the
macrocyclic forming reaction are exceptionally high {&8%).
Dinuclearu-methylsulfinato zinc complexe29—40in Scheme
4) have been prepared from the bis(anilido-aldimine) compounds
by successive addition of M&n and SQ gas. Solid structures
of 34 and40 have been determined by X-ray crystallography.
The acycllf: Complexe§O—3$ sh_ow high activity for cyclo- Supporting Information Available: CIF files for 15, 34, and
hexene _()dee/_C@coponmerlzatlon even at_ low _[Zn]/[mono- 40 and Experimental Section (PDF, CIF). This material is
mer] ratio, typically 1:5600, whereas tifedikeminate com- available free of charge via the Internet at http://pubs.acs.org
plex {[(CeH3Et)N=C(Me)CH=C(Me)N(GsH3Et,)]Zn(u-OS- ' R
(O)Et)}. shows negligible activity at the same condition. JA0435135
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