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Abstract
Well-defined molybdenum ROMP catalysts that contain Cy-symmetric diolate ligands (tartrates,
binaphtholates, or biphenolates) have been prepared and shown to éolymcrize 2,3-
Ranorbornadienes (R = CF3 or COoMe) to give, in the most favorable case, >99% cis polymers

that are >99% tactic.




Controlling the stereochemistry of polymers prepared by ring-opening of norbornenes
and norbornadienes has been a long standing problem,2 one that ultimately could be solved by
employing well-characterized catalysts with known structures and activities. Catalysts of the
type Mo(CH-t-Bu)(NAr)(OR)2 (Ar = 2,6-C¢H 3-i-Pr2)>4 have been shown to ring-open
polymerize 2,3-bis(trifluoromethyl)norbornadiene (NBDF6) to give highly tactic all-trans
polyNBDF6 when OR = O-t-Bu (in toluene or THF)? and all-cis polyNBDF6 with a tactic bias of
~74% when OR = OCMe(CF3); (in THF).6 We show here that catalysts of this general type can
be prepared that contain Cj-symmetric chiral diolate ligands and that poly-2,3-
bis(trifluoromethyl)norbornadiene (polyNBDF6) and poly-2,3-dicarbomethoxynorbornadiene
(polyDCNBD) can be prepared using them that are >99% cis and >99% tactic.

C»-Symmetric tartrate and BINO derivatives (see below) and related Cj-symmetric

ligands have been widely and successfully used for enantioselective organic reactions in the past

0
Me>< OH OH OH
Me o OH OH OH
R = phenyl R R C O SiMe,Ph t-Bu g t-Bu

or naphthyl
R4tartH, BINO(SiMe,Ph),H, Bipheno(t-Bu),H,
decade.”?Y  Addition of (+)-PhstartH to Mo(CHCMe Ph)(NArXOTf)(DME)?!22 (DME =
dimethoxyethane) in diethyl ether in the presence of triethylamine yielded
Mo(CHCMe,Ph)(NAr)[(+)-Phatart](S) ((+)-1; S = a mixture of NEt3 and dme; see
Supplementary Material) in 70% yield. Mo(CHCMexPh)(NAD[(-)-Phatart}(S) ({-)-1) and
Mo(CHCMe,Ph)(NAr)[(+)-Napgtart](S) ((+)-2; Nap = B-naphthyl) were prepared in an
analogous manner. (£)-BINO(SiMeaPh)sH, was prepared in a manner analogous to known SiR3
derivatives’ and treated with two equivalents of KCHPh?3 to give (£)-BINO(SiMePh):K 3,
which when added to Mo(CH-t—Bu)(NAr)(O'I'f)z(DME)n'22 in THF gave crystalline Mo(CH-t-




Bu)(NAD[(1)-BINO(SiMepPh); J(THF)  ((%)-3) 'in 70% yield.24.23 Crystalline
Mo(CHCMePh)(NAr)[(2)-BINO(SiMePhy2)(THF) ((1)-4 ; Ar' = 2,6-CgHiMey) was prepared
from (+)-BINO(SiMe2Ph);K2 and Mo(CHCMe Ph)(NAr)(OTf)(DME)?® in a manner
analogous to that used to prepare (1)-3. NMR spectra of (+)-1, (-)-1, and (+)-2 show an Hg and
Cq resonance for a single alkylidene rotamer, while NMR spectra of (£)-3 and (1)-4 suggest that
they are mixtures of anti and syn rotamers.2”-2% (See Supplementary Material.)

The cis/trans ratio in polyNBDF6 is determined readily and accurately by 13C NMR 36
while tacticity can be determined at the triad level by analyzing the resonances for C(7), as
shown in Figure 1(a).5 The resonance at 38.38 ppm in Figure 1(a) can be assigned to C(7) in a
tactic polymer (cc,mm or cc,rr triad), while that at 37.61 ppm can be assigned to C(7) in atactic
polymer (cc,mr triad). The resonance at 36.44 is assignable to C(7) in a polymer whose tacticity
is different than that which gives rise to the C(7) resonance at 38.38 ppm, while the minor broad
resonances in Figure 1(a) can be ascribed to C(7) in ct triads.

PolyNBDF®6 prepared from (+)-2 in DME (97% cis; Table I) precipitates as it is being
formed. The fact that the polymer is relatively insoluble in DME, dichloromethane, toluene, and
THF (although soluble in acetone) prevented determinaiion of molecular weight and
polydispersity by GPC. The C(7) region of the 13C NMR spectrum of this polymer in acetone-dg
(Figure 1(b)) shows primarily one carbon resonance (at 38.31 ppm), consistent with a tacticity of
97% for the all-cis triads (Table I) on the basis of the cc assignments shown in Figure 1(b).
PolyNBDF6 prepared from (+)-1 in DME or THF, which was identical to that prepared from (-)-
1 in DME or THF, was soluble in THF and had a lower all-cis tacticity (88%; Table I). (A
higher enantioselectivity has been observed employing Napatart as a chiral auxiliary instead of
Phg-tart in organic reactions.'417)

PolyNBDF$6 prepared using (£)-3 as the initiator in THF is only ~71% cis, although the
tacticity of the all-cis triads is relatively high (86%; Table I). However, polyNBDF6 prepared
from 200 equiv of NBDF6 and (%)-4 as the initiator was >99% cis and was soluble only in

acetone. Its 13C NMR spectrum in the C(7) region is shown in Figure 1(c). The narrow 38.31




ppm resonance is virtually the only C(7) resonance present. The 1H NMR spectrum of this
polymer is also relatively sharp and well-resolved. (See Supplementary Material.) Therefore we
propose that this polymer is at least 99% tactic. The vastly improved cis/trans ratio and percent
tacticity upon changing from isopropy! groups to methyl groups in the imido ligand of the
initiator is striking. An oligomer of polyNBDF6 (28 mer) prepared using (1)-4 is soluble in THF
and has a molecular weight (4900 versus polystyrene) and polydispersity (1.09) consistent with a
living ROMP polymerization.

In order to test whether tacticity control is possible with other norbornadiene derivatives
we prepared samples of poly-2,3-dicarbomethoxynorbornadiene using 1, 2, 3, and 4 as initiators
and compared them with polyDCNBD prepared employing
Mo(CHCMe,Ph)(NAD[OCMe(CF3)]; in DME? as shown in Table II. (13C NMR spectra of
polyDCNBD are closely analogous to those for polyNBDF6.) The percent tacticity for
polyDCNBD was at least as high as that for polyNBDF&6 in every case involving a chiral
initiator.

Finally, we prepared Mo(CH-t-Bu)(NAr)[Bipheno(t-Bu)4] (5) by adding Bipheno(t-
Bu)aK2 to Mo(CH-t-Bu)(NAr)(OTf)2(DME) in THF. The Bipheno(t-Bu)4 ligand has been
shown to "flip" rapidly on the NMR time scale in some lanthanide complexes,? although it is
"locked" on the NMR time scale (300 MHz) in § at 25°C. We were somewhat surprised to find
that polyDCNBD (250 mer) prepared from S in THF was >99% cis and 96% tactic.

We have now proven by proton NMR that all cis polymers prepared from
enantiomerically pure dicarboalkoxynorbornadienes are isotactic, while the all trans polymer are
syndiotactic.3® Therefore we believe that the all cis, tactic polymers prepared here are also
isotactic, and that a bias toward isotacticity by chain end control using
Mo(CHCMe2Ph)(NAN[OCMe(CF3)]y as the initiator is being enhanced by site control at a
chiral metal center. Future studies will be aimed at determining under what conditions other
monomers can be polymerized stereoselectively. One might also consider the possibility that

catalysts such as (+)-1 or (+)-2, or enantiomerically pure versions of 3 or 4, could selectively




polymerize or ring-close®!32 one enantiomer in a racemic mixture.

Acknowledgements. R.R.S. thanks the Office of Naval Research and the National Science
Foundation (CHE 91 22827) for research support. D.H.M. thanks the Natural Sciences and
Engineering Research Council of Canada for a postdoctoral fellowship, and John Oskam for

running high field 13C NMR spectra.

References

(1) Ivin, K. J. "Olefin Metathesis"; Academic: New York, 1983.

(2) Ivin, K. J.; Saegusa, T. "Ring-Opening Polymerization"; Elsevier: London, 1984.

(3) Schrock, R. R. Acc. Chem. Res. 1990, 23, 158.

(4) Fox, H.H,; Lee, J.-K; ivark, L. Y.; Schrock, R. R. Organometallics 1993, 12, 0000.

(5) Bazan, G.; Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.; O'Regan, M. B.;
Thomas, J. K; Davis, W. M. J. Am. Chem. Soc. 1990, 112, 8378.

(6) Feast, W.J.; Gibson, V. C; Marshal, E. L. J. Chem. Soc., Chem. Commun. 1992, 1157.

(7) Maruoka, K.; Itoh, T.; Araki, Y.; Shirasaka, T.; Yamamoto, H. Bull. Chem. Soc. Jpn. 1988,
61,2975.

(8) Mikami, K.; Terada, M.; Nakai, T. J. Am. Chem. Su¢. 1989, 111, 1940.

(9) Mikami, K.; Masahiro, T.; Nakai, T. J. Am. Chem. Soc. 1990, 112, 3949. ﬂ

(10) Maruoka, K.; Itoh, T.; Shirasaka, T.; Yamamoto, H. J. Am. Chem. Soc. 1988, 110, 310.

(11) Narasaka, K.; Iwasawa, N_; Inoue, M.; Yamada, T.; Nakashima, M.; Sugimori, J. J. Am.
Chem. Soc. 1989, 111, 5340.

(12) Narasaka, K.; Hayashi, Y.; Shimadzu, H.; Niihata, S. J. Am. Chem. Soc. 1992, 114, 8869.

(13) Schmidt, B.; Seebach, D. Angew. Chem. Int. Ed. Engl. 1991, 30, 99.

(14) Schmidt, B.; Seebach, D. Angew. Chem. Int. Ed. Engl. 1991, 30, 1321.

(15) Seebach, D.; Beck, A. K.; Imwinkelreid, R.; Roggo, S.; Wonnacott, A. Helv. Chim. Acta
1987, 70, 954.

(16) Toda, F.; Mori, K. J. Chem. Soc., Chem. Commun. 1989, 1245.




(17) Weber, B.; Seebach, D. Angew. Chem. Ins. Ed. Engl. 1992, 31, 84.

(18) Weidmann, B.; Seebach, D. Angew. Chem. Int. Ed. Engl. 1983, 22, 31.

(19) Noyori, R. Science 1990, 248, 1194.

(20) Noyori, R.; Takaya, H. Acc. Chem. Res. 1990, 23, 345.

(21) Fox,H. H,; Yap, K. B.; Robbins, 1.; Cai, S.; Schrock, R. R. Inorg. Chem. 1992, 31, 2287.

(22) Schrock, R. R.; Murdzek, J. S.; Bazé.n, G. C.; Robbins, J.; DiMare, M.; O'Regan, M. J.
Am. Chem. Soc. 1990, 112, 3875.

(23) Schlosser, R. R.; Hartmann, J. Angew. Chem., Int. Ed. Engl. 1973, 12, 508.

(24) BINO ligands have been attached to titanium252 and tungsten?5P and the results of several
x-ray studies have been published.

(25) (a) Boyle, T. J.; Bames, D. L.; Heppert, I. A.; Morales, L.; Takusagawa, F.
Organometallics 1992, 11, 1112. (b) Heppert, J. A.; Dietz, S. D,; Boyle, T. J.; Takusagawa, F. J.
Am. Chem. Soc. 1989, 111, 1503.

(26) Yap, K. B.; Fox, H. H.; Schrock, R. R., unpublished results.

(27) Oskam, J. H.; Schrock, R. R. J. Am. Chem. Soc. 1992, 114, 7588.

(28) Schrock, R. R.; Crowe, W. E.; Bazan, G. C.; DiMare, M.; O'Regan, M. B.; Schofield, M.
H. Organomezallics 1991, 10, 1832.

(29) Schaverien, C. J.; Meijboom, N.; Orpen, A. G J. Chem. Soc., Chem. CoMun. 1992, 124.

(30) McConville, D. H.; O'Dell, R.; Schrock, R. R, to be published.

(31) Fu, G. C.; Grubbs, R. H. J. Am. Chem. Soc. 1992, 114, 5426.

(32) Fu,G., C,; Grubbs, R. H. J. Am. Chem. Soc. 1992 [14,7324.




(1)
JHLAIDTHD ut paredard ; "JINQ vt pasedazd 5 HL ut pautiopad sisAjeur Dd0 p b 9IUAIJAL UT PAQUISIP ST N Ul pasedaly
"spaepuess 2ua1k154[od snsiaa LHIHD ut Ddn 4q PIUILLII( q “PAIOU ISIMISYIO $S3[UR ‘JHLL ut pazedard azam srowkiod 1Y ¢

6 €¢'l 000 9§ 0ST 96 66< § [¥(ng-1ouaydig [V N)(nd-1-HD)OW

L6 8T1  ,00L8T 0O 66< 66< $-(F) [(UITINIS)ONIE-(D) AV N) UATINDHD)OW

6 8’1l 000vE 001 L6 €6 €-(P) [YUdTINISIONIE- (P JEYN)(EINIHD)IOW

08 8€T  00SIS 001 L6 €6 7-(+) [werrdeN-(+)](3v N)(UdTINDHD)OW
| S8 09T  000€ET 00! £6 €6 o1-(+) [UeIyd-(+) (Y N) (UdTSINDHI)OW
98 pPO'l  pOOV 91 001 €L 86 L[AEID)PND0IEY N)(UILINDIHD)IOW

, (B)PIPA "W/ "I Ab3 (%) oudersd (%) SP 1sAfee)

e[ouapewoqroudxoylowoqredip-¢‘zlAlod ‘11 iqe L

"60°T = "W/ PuR 006¢ = Y Pey pue JHLL Ul S[qN{OS 3q 01 PUNO Sem ISW §7 5 "FINQ Ul Paredald p °g 35UI3J3X Ul PaQUIISIP SE
paredard 5 “sprepuess suarfisfod snsusa JHI Ut DdO Aq PaUruLINL( q PAI0OU 3SIMISYI0 SSI[UN ‘JH L, Ut paredoxd arom stowkjod 1y ¢

| L6 - - 00z 66< 66< op-(F) [HUdNISIONIF (P HAVN)(ULLOWDHD)ONW
| L8 90T  00Z11 001 98 1L €-(F) [Z(YdCoWTIS)ONIF-(PIIVN)(ng-1-HD)OW
S8 - - 001 L6 L6 pT-(+) [ireardeN-(+)J(av N)(UdTSINDHD)ON

<6 SOl 000 v1 001 88 86 F-(+) freiryd-(+) Iy N)(UdZINDHD)OW

c8 <01 005 61 001 vL L6 S UESID)PNOO] Y NI ULZPINIHD)OW

(B PRUA "W/ "IN AINDS (%) dudEISID (%) SIO 1sAfeie)

e[duatpewogrou(jAyiaworonygLn)siq-¢‘zJAlod Y dqe ],




F,C  CF,

cC

e e

(a) cc
Arram’

cC

S VO NG W SOl

CcC

() J

[Tvr—vf‘vyallruw‘r[f‘v*rlllllﬁllxvillvvlr‘fvv—ﬁ(|ﬁvrTvnrv1

40.0 39.0 38.0 370 36.0 ppm

Figure 1. The C(7) region of the 125.69 MHz B NMR spectrum in acetone-dg of polyNBDF6
prepared with initiator (a) Mo(CHCMe,Ph)(NAr)[OCMe(CF3),15 (b) (+)-2; and (¢) ()-4.
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