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Electrochemical studies show that incorporation of quinone 
groups into crown ethers couples redox reactions with binding of 
group IA cations. In contrast to expectations from ion pairing, 
K+ with 6QC yields the largest potential shift, followed by Rb+ 

> Na+ > Cs+ > Li+. Structural studies show that the observed 
ion selectivity derives from the crown loop, not the quinoid moiety, 
owing to the latter's ability to pivot with respect to the macrocycle 
plane and thereby to accommodate a range of cations. EPR 
studies demonstrate the intramolecular nature of interaction 
between the cations and the ligands. In its semiquinone form only 
6QC shows a metal hyperfine coupling constant with Na. 
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Abstract: The cationic complex Cp2Zr(CH3)(THF)+ (1, as the BPh4" salt) reacts with 2,6-diethylpyridine to afford the chelated 
secondary zirconocene-alkyl complex Cp2Zr(i72-C^V-CH(Me}{6-ethylpyrid-2-yl})+ (2). Treatment of complex 2 with CO, CH3CN, 
1BuCN, and (PhCH2)(Et)3N+Cl" affords Cp2Zr(CH|Mejj6-ethylpyrid-2-yl))(CO)+ (3), Cp2Zr(CH{Me)(6-ethylpyrid-2-
ylj)(CH3CN)+ (4), Cp2Zr(CH{MeH6-ethylpyrid-2-yl!)(tBuCN)+ (5), and CpjZr(CH(MeK6-ethylpyrid-2-yl))(Cl) (6), respectively. 
The thermally sensitive d0 carbonyl complex 3 is a rare example of a d0 M(alkyl)-CO adduct and is unambiguously characterized 
in solution by low-temperature NMR and IR spectroscopy, 13C-labeling and hydrolysis experiments, and decomposition studies. 
IR and NMR data establish that 3 contains a terminal CO ligand. An X-ray structure analysis of 6 establishes that the 
CH(Me)(6-ethylpyrid-2-yl) ligand adopts a chelated structure; the similarity of the spectroscopic data for 3-6 implies that 
3-5 have similar chelated structures. At room temperature, 3 in CD2Cl2 rapidly decomposes to afford a complex mixture 
of products. 1H NMR monitoring of the decomposition of 3 reveals formation of a transient cationic zirconccene-acyl intermediate 
9, which undergoes 1,2-H shift to afford a mixture of isomeric/oligomeric zirconocene-enolates. Treatment of this mixture 
with (PhCH2)(Et)3N

+Cl" affords Cp2Zr(OCH=CjMe)(6-ethylpyrid-2-yl))Cl (10) as a mixture of EfZ isomers, establishing 
the presence of zirconocene-enolate species. Hydrolysis of the decomposition products of 3 affords a mixture of thermally 
sensitive tautomers, enol 11/aldehyde 11', which are characterized by NMR, FTIR, and mass spectroscopy. 

Introduction 
It is generally assumed that the insertion reactions of d0 metal 

alkyl and hydride complexes with CO, olefins, and related 7r-acid 
substrates involve initial coordination of substrate to the metal 
center (e.g., eq 1). However the intermediate LnM(R)(substrate) 
adducts are rarely observed and are presumed to be unstable due 
to the lack of conventional d -»• ir* back-bonding and the rapidity 
of the subsequent insertion reactions.' The characterization of 
these elusive species is of fundamental importance for under
standing the scope and selectivity of insertion reactions and for 
the design of new reactive organometallic complexes. 

Chart I 

LnM-R 
CO 

LnM~ 
.CO J-

There are few well-characterized d0 metal-carbonyl complexes. 
The thermally sensitive Cp*2M(H)2(CO) adducts (M = Zr, Hf) 
(Chart I) are formed by carbonylation of Cp*2ZrH2 at low tem-

(1) For selected low-temperature studies of insertion reactions of d0 alkyls, 
see: (a) Erker, G. Ace. Chem. Res. 1984,17, 103. (b) Erker, G.; Rosenfeldt, 
F. Angew. Chem., Int. Ed. Engl. 1978, 8, 605. (c) Burger, B. J.; Thompson, 
M. E.; Cotter, W. D.; Bercaw, J. E. J. Am. Chem. Soc. 1990, 112, 1566. (d) 
Watson, P. L.; Parshall, G. W. Ace. Chem. Res. 1985,18, 51. (e) Fagan, P. 
J.; Moloy, K. G.; Marks, T. J. J. Am. Chem. Soc. 1981, 103, 6959. 

/ 
Cp'2M —CO 

M = Zr, Hf 

Cp2Zr —Ru-;" 
\ ''CO 
CO 

perature, and they undergo CO reduction processes when warmed.2 

These complexes exhibit vco bands which are decreased by ca. 
100 cm"1 from that of free CO (Zr 2044, Hf 2036, vs 2143 cm"1 

for free CO). The low v c o values are surprising for d0 complexes 
and were ascribed to back-bonding form the bj M-H bonding MO 
(antisymmetric combination of the M-H bonds)3 to the in-plane 
CO ir*-orbital.4 In contrast, vc0 values for M-CO complexes 
in which only <r-donation is important are higher than the free 
CO value: e.g., H3BCO 2165 cm"1,5 Ag(CO)B(OTeF5)4 2204 

(2) (a) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J. E. 
J. Am. Chem. Soc. 1978, 100, 2716. (b) Manriquez, J. M.; McAlister, D. 
R.; Sanner, R. D.; Bercaw, J. E. /. Am. Chem. Soc. 1976, 98, 6733. (c) 
Marsella, J. A.; Curtis, J. C.; Bercaw, J. E.; Caulton, K. G. J. Am. Chem. 
Soc. 1980, 102, 7244. (d) Roddick, D. M.; Fryzuk, M. D.; Seidler, P. F.; 
Hillhouse, G. L.; Bercaw, J. E. Organometallics 1985, 4, 97. 

(3) Lauher, J. W.; Hoffmann, R. J. Am. Chem. Soc. 1976, 98, 1729. 
(4) See ref 2c and Brintzinger, H. H. J. Organomet. Chem. 1979,171, 337. 
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Table I. Key 1H and 13C NMR Data for 2,6-Diethylpyridine and Complexes 2-6 

CiZ(CH3) 

CT2CH3 

CH2CiZ3 

1 H W 
13C (S) 
1^CH (HZ) 
1H(S) 
13C (S) 
1JcH (Hz) 
1H(S) 
13C (S) 
'JCH (Hz) 

2,6-diethylpyridine 

2.75 
31.7 
125 
1.26 
14.0 
126 

2 

3.97 
51.7 
133 
2.16, 2.08 
32.1 
128 
1.03 
14.5 
128 

3 

2.69 
30.5 
140 
2.69 
29.0 
128 
1.41 
15.1 
127 

4 

2.45 
37.2 
136 
2.66 
29.7 
127 
1.53 
13.5 
128 

5 

2.45 
36.3 
135 
2.68 
29.6 
127 
1.40 
13.5 
128 

6 

2.52 
43.9 
134 
2.92, 2.76 
29.8 
127 
1.32 
13.8 
127 

cm"1,6 and Au(CI)(CO) 2158 cm"1.7 

The bimetallic Zr-Ru bonded complex Cp2Zr(CO)0u-<r,ir-
C5H4)Ru(CO)2 (Chart I), which is arguably a Zr(IV) complex 
in a Zr+/Ru~ description, is formed by carbonylation of Cp2Zr-
J(Ru(CO)2Cp)2 and undergoes rapid exchange with free CO at 
0 °C.8a This species displays a much lower pco value (1840 cm"1), 
in part due to a weak semibridging interaction with the Ru center. 
The carbonyl/isovaleraldehyde adducts, Cp*2M(CO)(»?2-0= 
CHCH2CHMe2) (M = Zr, Hf), have been described, and they 
also exhibit relatively low vco values (1940, 1930 cm"1, respec
tively) indicative of substantial contribution from the M"(al-
dehyde) resonance forms.8b A Ti(IV)-CO adduct formulated as 
![Cp2Ti(CO)J2(M-(CN)2C=C(CN)2)P

+TCNE2- has also been 
described (vCo = 2055 cm-1).9 There are several d0 metal iso-
cyanide complexes, including Cp*2Ti(Me)(CN-'Bu)+ which was 
observed at low temperature,10 and several isolable iminoacyl/ 
isocyanide systems, e.g., Cp2TiI^-C(N-1Bu)MeKCN-1Bu)+.1' To 
the best of our knowledge, olefin and acetylene complexes of d0 

metals are unknown.12 

Cationic Cp2Zr(R)(L)+ complexes (L = labile ligand) catalyze 
the oligomerization and polymerization of olefins and exhibit a 
variety of other catalytic and stoichiometric reactions, many of 
which involve insertion of an olefin, alkyne, or CO into the Zr-R 
bond as the key step.1314 During recent studies of the carbo
nylation reactions of these complexes, we discovered the title 
compound, Cp2Zr(CH(Me)|6-ethylpyrid-2-yl))(CO)+, which is a 
relatively stable Zr(IV) alkyl carbonyl complex. We describe here 
the synthesis and characterization of this unusual compound and 
several analogues which were prepared in order to elucidate its 
structure. 

Scheme I 

CO 

Cl" RCN 

4 R = CH3 

5 R = fBu 

Results and Discussion 
Synthesis of Cp2Zr(n2-C,JV-CH(Me)(6-ethylpyrid-2-yll)+ (2). 

The cationic complex Cp2Zr(Me)(THF)+ (I)15 reacts with 2,6-
diethylpyridine via ligand substitution and CH activation/CH4 
elimination to afford the secondary zirconocene-alkyl complex 
Cp2Zr(J7

2-Cv?V-CH|Me({6-ethylpyrid-2-yl))+ (2) (eq 2).16'17 NMR 

Cp 2 Z. / 
fol 

D 
CH2Cl2 

-THF 

Cp2Zl 

-CH. 

(5) Bethke, G. W.; Wilson, M. K. J. Chem. Phys. 1957, 26, 1118. 
(6) Hurlburt, P. K.; Anderson, O. P.; Strauss, S. H. J. Am. Chem. Soc. 

1991, 113, 6277. 
(7) Dell'Amico, D. B.; Calderazzo, F.; Dell'Amico, G. Gazz. Chim. /fa/. 

1977, 107, 101. 
(8) (a) Casey, C. P.; Palermo, R. E.; Jordan, R. F.; Rheingold, A. L. J. 

Am. Chem. Soc. 1985,107, 4598. (b) Roddick, D. M.; Bercaw, J. E. Chem. 
Ber. 1989, 122, 1579. 

(9) Demersman, B.; Pankowski, M.; Bouquet, G.; Bigorgne, M. / . Orga-
nomet. Chem. 1976, 117, ClO. 

(10) Bochmann, M. B.; Jaggar, A. J.; Wilson, L. M.; Hursthouse, M. B.; 
Motevalli, M. Polyhedron 1989, 8, 1838. 

(11) (a) Bochmann, M.; Wilson, L. M.; Hursthouse, M. B.; Short, R. L. 
Organometatlics 1987, 6, 2256. (b) Bochmann, M.; Wilson, L. M.; Hurst
house, M. B.; Motevalli, M. Organometallics 1988, 7, 1148. (c) Mashima, 
K.; Jyodoi, K.; Ohyoshi, A.; Takaya, H. Organometallics 1987, 6, 885. 

(12) (a) For spectroscopic evidence for ethylene coordination to Cp*2Eu, 
see: Nolan, S. P.; Marks, T. J. / . Am. Chem. Soc. 1989, / / / , 8538. (b) 
Cp*2Yb(ji-C2H2)PtL2 may be viewed as an olefin complex of Yb(II): Burns, 
C. J.; Andersen, R. A. J. Am. Chem. Soc. 1987,109, 915. Arene complexes 
of d0 metals are also rare; see: (c) Bochmann, M.; Karger, G.; Jaggar, A. J. 
J. Chem. Soc, Chem. Commun. 1990, 1038. (d) Solari, E.; Floriani, C; 
Chiesi-Villa, A.; Guastini, C. J. Chem. Soc, Chem. Commun. 1989, 1747. 
(e) Cotton, F. A.; Schowtzer, W. / . Am. Chem. Soc. 1986, 108, 4657. 

(13) (a) Jordan, R. F. Adv. Organomel. Chem. 1991, 32, 325. (b) Jordan, 
R. F.; Bradley, P. K.; LaPointe, R. E.; Taylor, D. F. New J. Chem. 1990, 14, 
505. 

(14) (a) Jordan, R. F.; Bajgur, C. S.; Willett, R.; Scott, B. J. Am. Chem. 
Soc. 1986, 109, 7410. (b) Jordan, R. F.; LaPointe, R. E.; Bradley, P. K.; 
Baenziger, N. C. Organometallics 1989, 8, 2892. (c) Wang, Y.; Jordan, R. 
F.; Echols, S. F.; Borkowsky, S. L.; Bradley, P. K. Organometallics 1991,10, 
1406. (d) Jordan, R. F.; Taylor, D. F. / . Am. Chem. Soc. 1989, / / / , 778. 
(e) Jordan, R. F.; Taylor, D. F.; Baenziger, N. C. Organometallics 1990, 9, 
1546. (f) Guram, A. S.; Jordan, R. F. Organometallics 1991, 10, 3470. (g) 
Guram, A. S.; Jordan, R. F. Organometallics 1990, 9, 2190. (h) Borkowsky, 
S. L.; Jordan, R. F.; Hinch, G. D. Organometallics 1991, 10, 1268. 

data for 2 (Table I and Experimental Section) establish that 
metalation has occurred at the a-CH2 site, and the data are 
consistent with a chelated structure in solution. The 1H and 13C 
spectra contain resonances for two inequivalent Cp ligands and 
the expected patterns for a CH(Me)(6-ethylpyrid-2-yl) ligand. 
The 1H NMR resonances for the diastereotopic methylene hy
drogens (5 2.16 (m), 2.08 (m)) and the methyl hydrogens (5 1.03) 
of the CH2CH3 side chain are shifted significantly upfield from 
the corresponding resonances of free 2,6-diethylpyridine (5 2.75 
(q), 1.26 (t)), consistent with N-coordination. Similar upfield 
shifts have been noted previously for related cationic pyridine and 
substituted-pyridine complexes. The ' /CH value of 133 Hz for 
ZrCZT(CH3) is larger than expected for a normal, IJ'-CH-
(Me)(6-ethylpyrid-2-yl) ligand and is consistent with incorporation 
of the CH(Me) fragment in a small ring (e.g., cyclobutane 134 
Hz,18 Cp2Zrto2-C^-(CH(CH2(6-methylpyrid-2-yl))py))+, JCH = 
136 Hz, and Cp2Zr(^-CH2Ph)(CH3CN)+, /CH = 145 Hz).19 

(15) The counterion is BPh4" in all cases. 
(16) (a) For a detailed study of the ligand CH activation chemistry of 

Cp2Zr(Me)(L)+ complexes, see: Jordan, R. F.; Guram, A. S. Organometallics 
1990, 7, 2116. (b) For similar chemistry of 2,6-lutidine, see: Guram, A. S.; 
Jordan, R. F.; Taylor, D. F. J. Am. Chem. Soc. 1991, 113, 1833. 

(17) A related d2 cation Cp2Mo{CH(Me)(py)|+ has been reported: CaI-
horda, M.; Dias, A. R. / . Organomet. Chem. 1980, 198, 41. 

(18) Silverstein, R. M.; Baxter, G. C; Morill, T. C. Spectrophotometry 
Identification of Organic Compounds; Wiley: New York, 1979; p 273. 

(19) Jordan, R. F.; LaPointe, R. E.; Bajgur, C. S.; Echols, S. F.; Willett, 
R. D. J. Am. Chem. Soc. 1987, 109, 4111. 
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However, it should be noted that this value is only ca. 5 Hz greater 
than the ]JCH coupling constant for the py-C//2CH3 side chain 
of 2 (Table I). 

Synthesis and Identification of Cp2Zr(CH|Me||6-ethylpyrid-2-
yl))(CO)+ (3). Complex 2 reacts with carbon monoxide (1-3 atm) 
below 0 0C to afford the d0 M-CO adduct Cp2Zr|CH(Me)(6-
ethylpyrid-2-yl))(C0)+ (3) (Scheme I). Although the thermal 
sensitivity of 3 precluded its isolation, low-temperature NMR, 
IR, ,3C-labeling, and hydrolysis experiments unambiguously es
tablish its formation in solution. The 1H and 13C NMR spectra 
include resonances for two inequivalent Cp ligands and an intact 
CH(Me)(6-ethylpyrid-2-yl) ligand. The 13C NMR spectrum of 
3 at -40 "C exhibits a resonance at 8 206.1 for the coordinated 
CO. This resonance is significantly upfield of the '3C carbonyl 
resonances of cationic Cp2Zr)C(O)CH1I(L)+ j;2-acyl complexes 
(5 315.0, L = THF, CH3CN) and early transition metal-acyl 
complexes in general20,21 and is near that reported for 
Cp*2HfH2(CO) (S 224.4). The l3C-labeled complex Cp2Zr-
(CH|Me)|6-ethylpyrid-2-yl|)(l3CO)+ (3-13CO) was prepared by 
treating 2 with 13CO. The 1H and 13C NMR spectra of 3-13CO 
at -40 0C are identical to the spectra of 3. The lack of VH-11C 
coupling between 13CO and CW(CH1) in both the 1H and 13C 
NMR spectra of 3-13CO rules out acyl structures.22 The 
ZrCH(Me) 13C resonance of 3-13CO is slightly broadened but not 
split.23 The solution (CH2Cl2) FT-IR spectrum of 3 exhibits a 
KCO absorbance at 2095 cm"1, which shifts to 2048 cm"1 for 3-'3CO. 
This value is ca. 40 cm ' lower than that of free CO (2135 cm"1 

in CH2Cl2)
24 and 55 cm"1 higher than the values for the neutral 

group 4 Cp*2MH2(CO) complexes. The coordinated CO of 3 is 
labile; at ambient temperature, exchange with free CO is rapid 
on the NMR time scale. Hydrolysis of 3 at lower than -78 0C 
affords 2,6-diethylpyridine as the major (97%) organic product. 

The NMR data for 3 do not conclusively establish the structure 
of lhe CH(Me)(6-ethylpyrid-2-yl) ligand but, when compared to 
data for related complexes (vide infra), indicate that both C and 
N are coordinated. Ligands of this type can coordinate in a variety 
of ways.25 The Zr-C0 / C H v a l u e (140 Hz) is larger than expected 
for an unstrained CH(Me)(6-ethylpyrid-2-yl) ligand and suggests 
that the py group is probably coordinated to Zr, either via normal 
^-donation from N or through the py ir-system in an ?j2-benzyl 
(cf. Cp2Zr(^-CH2Ph)(CH3CN)+)26 or 773-azaallyl mode.27-28 

(20) (a) Jordan. R. F.; Dasher. W. E.; Echols, S. F. J. Am. Chem. Soc. 
1986, 108. 1718. (b) Guram, A. S.; Jordan, R. F. Unpublished results. 

(21) Durfee, L. D.; Rothwell, I. P. Chem. Rev. 1988, 88. 1059. 
(22) An acyl complex is anticipated to exhibit VH-UC coupling in the range 

of 2-6 Hz; see: Uhrhammer, R. Synthesis, Structure, and Reactivity of 
Malonyl-Bridged Bimetallics. Ph.D. Dissertation, University of California, 
San Diego, 1990, pp 52-54. 

(23) This broadening is presumably due to V c c and is evidence for coor
dination of CO through carbon. 

(24) (a) Nakamoto, K. Infrared and Raman Spectra of Inorganic and 
Coordination Compounds. 4th ed.; Wiley-Interscience: New York, 1986; pp 
291-308. (b) Braterman, P. S. Metal Carbonyl Spectra; Academic Press: 
New York, 1975; pp 177. 

(25) Leading references: (a) Papasergio, R. I.; Raston, C. L.; White, A. 
H. J. Chem. Soc.. Chem. Commun. 1983, 1419. (b) Henderson, M. J.; 
Papasergio, R. I.; Raston, C. L.; White, A. H.; Lappert, M. P. J. Chem. Soc. 
Chem. Commun. 1986, 672. (c) Papasergio, R. I.; Raston, C. L.; White, A. 
H. J. Chem. Soc., Dalton Trans. 1987, 3085. (d) Engelhardt, L. M.; Jolly, 
B. S.; Lappert, M. F.; Raston, C. L.; White, A. H. J. Chem. Soc., Chem. 
Commun. 1988, 336. (e) Engelhardt, L. M.; Kynast, U.; Raston, C. L.; White, 
A. H. Angew. Chem., Int. Ed. Engl. 1987, 26. 681. (0 Chisholm, M. H.; 
Foiling, K.; Huffman, J. C ; Rothwell, I. P. lnorg. Chem. 1981, 20,1496. (g) 
Onishi, M.; Hiraki, K.; Mahoda, K.; Itoh, T. J. Organomet. Chem. 1980,188, 
245. (h) Onishi, M.; Hiraki, K.; Itoh, T.; Ohama, Y. J. Organomet. Chem. 
1983, 254. 381. (i) Beshouri, S. M.; Fnwick, P. E.; Rothwell. I. P. Organo-
metallics 1987, 6, 2498. 

(26) (a) Jordan, R. F.; LaPointe, R. E.; Bajgur, C. S.; Echols, S. F.; Willet, 
R. J. Am. Chem. Soc. 1987,109, 4111. (b) Jordan, R. F.; LaPointe, R. E.; 
Baenziger, N. C ; Hinch, G. D. Organometallics 1990, 9, 1539 and references 
therein, (c) Latesky, S. L.; McMullen, A. K.; Niccolai, G. P.; Rothwell, I. 
P.; Huffman, J. C. Organometallics 1985, 4, 902. 

(27) Colgan, D.; Papasergio, R. I.; Raston, C. L.; White. A. H. J. Chem. 
Soc., Chem. Commun. 1984, 1708. 

(28) A 0-agostic interaction involving ZrCH(C//3)-py hydrogens would 
result in an increased a-methine yCH value, but is inconsistent with the other 
NMR data: Jordan, R. F.; Bradley. P. K.; Baenziger, N. C ; LaPointe, R. 
E. J. Am. Chem. Soc. 1990, 112. 1289. 
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Figure 1. O R T E P view of Cp2Zr(CH|Me||6-ethylpyrid-2-yl|)(CI) (6) 

Figure 2. Alternate O R T E P view of Cp2Zr(CH|Me||6-ethylpyrid-2-
ylD(CI) (6). 

Chart II 

M H J" 

£%r -—- HSCACP 
A B 

However, the 1H NMR resonances for the CH2CH3 side chain 
of 3 (6 2.68 (q), 1.39 (t))29 are essentially unchanged from those 
of free 2,6-diethylpyridine (Table I), which is inconsistent with 
normal N-coordination. Also, the 13C NMR resonance (S —163) 
for the ipso carbon in 3 (which would interact with Zr in an 
7)2-benzyl type structure) is not shifted upfield as observed for other 
ij2-benzyl derivatives (e.g., 6c.ip50 = 126 in Cp2Zr(ij2-CH2Ph)-
(CH3CN)+). Thus normal N or »;2-benzyl coordination modes 
are unlikely. In an effort to probe this question further, several 
thermally stable analogues of 3 were prepared. 

Synthesis of Cp2Zr(CH{Me||6-ethylpyrid-2-yl))(L)+ (L = 
CH3CN (4), 1BuCN (5)) and Cp2Zr(CM|MeH6-ethylpyrid-2-yl))Cl 
(6). As summarized in Scheme I, the azametallacycle 2 reacts 
rapidly with CH3CN and 1BuCN to yield the isolable nitrile 
adducts Cp2Zr(CH)Me|)6-ethylpyrid-2-yl))(L)+ (L = CH3CN (4), 
1BuCN (5)) and with Cl" sources to yield the neutral complex 
Cp2Zr(CH|Me||6-ethylpyrid-2-yl|)Cl (6). NMR data (Table I 
and the Experimental Section) establish that 4-6 are structurally 
similar to 3. In each case the expected 1H and 13C resonances 
for diastereotopic Cp ligands and intact CH(Me)(6-ethylpyrid-
2-yl) ligands are observed. In each case, the 'H NMR resonances 
for the py-CH2CH3 side chain are near that of the corresponding 
resonances of free 2,6-diethylpyridine, and 13C NMR resonances 
of the py ipso carbons appear in the normal range (S —163). 
However, the JCj, values (134-136 Hz) are slightly larger than 
expected for undistorted ZrCH(Me)(6-ethylpyrid-2-yl) ligands. 

(29) At -40 0 C, the diastereotopic methylene protons appear as a multiplet 
(overlapping doublet of quartets of each proton) at S 2.68. 
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Table II. Summary of Crystallographic Data for 
Cp2Zr(T)2-C,Ar-CH(CH3)(6-ethylpyrid-2-yl))Cl (6) 

empirical formula 
fw 
cryst size, mm 
cryst color 
T, K 
space group 
a, A 
b,k 
c, A 
0, deg 
K1A3 

Z 
rf(calcd), g/cm3 

cell dimens determ, no. reflns, 8 
range 

radiation 
scan ratio, tt/8 
scan range, deg-fi 
scan speed, deg/min 
theta range, deg 
data collected, h; k; I 
no. rflns collected 
no. unique rflns 
reflns used, F > 2ar 

-Kint 
max decay corr factor 
abs coeff, cm"1 

empirical abs corr range 
struct soln method 
refinement" 
total params 
R 
R* 
weight" 
SDOUW* 
max param shift/esd 
max density, final diff density 

map, e"/A3 

C19H22ClNZr 
391.07 
0.16 X 0.35 X 0.55 
yellow 
295 
PlJc 
8.422 (2) 
14.431 (3) 
14.036 (3) 
93.01 (2) 
1703 (1) 
4 
1.53 
24 rflns, 21 < 20 < 24 

Mo Ka (X = 0.7107 A) 
1 
0.7 + 0.35 tan (0) 
1.5-5.0 
2 < 0 < 30 
-11,11;-2,20;-13,13 
6429 
4277 
2755 
0.027 
1.045 
7.9 
1.001-1.074 
Patterson/Fourier 
all non-H anisotropic, H isotropic 
287 
0.038 
0.047 
P = 0.04, Q = 0.0 
1.067 
0.11 
0.641 

"w = [(Tf2 + (PF)2 + Q]-1. ''Standard deviation of unit weight. 

Table III. Selected Bond Distances (A) and Angles (deg) for 
Cp2Zr(r,2-C,/V-CH(CH3)(6-ethylpyrid-2-yl))Cl(6) 

Zr-Cl 
Zr-N 
Zr-C21 
C21-C23 
C25-C29 
Zr-C (CpI) 
Zr-C (Cp2) 

Zr-C21-C23 
Cl-Zr-C21 

Bond Distances 
2.572 (1) 
2.381 (3) 
2.421 (4) 
1.407 (5) 
1.498 (6) 
2.2523 (3) 
2.2630 (3) 

N24-C23 
N24-C25 
C25-C26 
C26-C27 
C27-C28 
C28-C23 
C21-C22 

Bond Angles 
86.8 (2) 
77.17 (9) 

C(CpI )-Zr-C(Cp2) 130.11 (1) 

Cl-Zr-N24 
C21-Zr-N24 

1.365 (5) 
1.364 (5) 
1.378 (6) 
1.400(6) 
1.347 (6) 
1.413 (5) 
1.515(6) 

134.40 (8) 
57.3 (1) 

X-ray Structure of 6. Crystals of 6 were obtained from cold 
toluene/pentane and subjected to X-ray diffraction analysis as 
summarized in Table II. ORTEP views of the cation structure 
are shown in Figures 1 and 2, and selected bond distances and 
angles are given in Table III. Complex 6 adopts a five-coordinate, 
bent metallocene structure with the C, N, and Cl ligands occupying 
the three coordination sites in the wedge between the Cp ligands. 
The Cp2M metrical parameters are normal.30 The Cl" ligand 
occupies a lateral site cis to the C of the CH(Me)(6-ethylpyrid-
2-yl) ligand, and the N is clearly coordinated. 

The CH(Me)(6-ethylpyrid-2-yl) ligand is best described as 
being intermediate between a chelated TI2-C,N alkyl/pyridine 
structure A and an ??3-azaallyl structure B (Chart II) and is very 
similar to the CH(R)(py) ligands in Cp2Zr(i)2-/V,C-CH-

(30) Cardin, D. J.; Lappert, M. F.; Raston, C. L.; Riley, P. I. In Com
prehensive Organometallic Chemistry, Wilkinson, G., Stone, F. G. A., Abel, 
E. W„ Eds.; Pergamon Press: Oxford, 1982; Vol. 3, Chapter 23. 

(SiMe3)(pyrid-2-yl))Cl (7)31 and Cp2Zr(j,2-C,Ar-CH2(6-methyl-
pyrid-2-yl)}(CH2(6-methylpyrid-2-yl)) (8).32 The Zr-C0-
(21)-C,3(23) angle is acute (86.8 (2)°). The Zr-C0 distance in 
6 (2.421 (4) A) is considerably longer than those of simple 
Cp2Zr(R)(X) complexes (Cp2ZrMe2, Cp2Zr(CH3)(THF)+, ca. 
2.25 A),14'33 but is similar to those of 7 (2.38 (1) A) and 8 (2.406 
(4) A). The Zr-Cg(23) distance (2.73 A) is slightly longer than 
those in Cp2Zr(TT-CH2Ph)(L)+ complexes (ca. 2.6 A). The 
four-membered ring is folded along the C^(23)-N vector, and the 
py plane is rotated ca. 44.8° out of the Zr-C-Cl-N plane. As 
a result Zr lies 1.48 A out of the py plane. The four-membered 
rings of 7,8, and related complexes are folded in a similar manner. 
The folding in 7 was ascribed in part to relief of steric interactions 
between the a-SiMe3 group and a Cp ligand; however, an anal
ogous effect involving the a-Me group in 6 is unlikely as there 
are no close Cp/Me H-H contacts. This observation and the 
puckering in 8, which lacks an a-substituent, suggest that the 
folding is at least partially electronic in origin. The constraints 
of the four-membered ring preclude the proper alignment for 
optimum N-Zr <r-bonding, even when the Zr-C-py bond angle 
is compressed to <90°, and some ?;3-azaallyl character in the 
bonding (i.e., structure B, Chart II) is thus favored. In 6, the 
Ca(21)-Cg(23) bond distance is short (1.407 (5) A vs 1.498 (6) 
A for C(25)-C(29)), and there is some alternation of bond dis
tances in the py ring (C(23)-C(28) 1.413 (5), C(28)-C(27) 1.347 
(6), C(27)-C(26) 1.400 (6), C(26)-C(25) 1.378 (5) A), which 
is consistent with a significant contribution from resonance 
structure B. The Zr-N distance (2.381 (2) A) in 6 is longer than 
that in the unstrained five-membered azametallacycle Cp2Zr-
{CH2CH2(6-methylpyrid-2-yl)!+ (2.303 (2) A), indicating weaker 
N-Zr bonding, but is similar to the Zr-N distance in 8 (2.407 
(4) A). 

Solution Structures of 3-6. As described above, the NMR 
parameters for 3-6 are all normal except for the somewhat larger 
ZrCZf(Me(py)) /CH values. The X-ray analysis of 6 establishes 
that the ZrCH(Me)(6-ethylpyrid-2-yl) ligand adopts a chelated 
structure. The acute Zr-C-py angle should produce a large /CH 
value, but the Zr-Cipso and Zr-N interactions may be too weak 
to significantly perturb the 1H NMR shifts of the py ethyl side 
chain or the 13C shift of the ipso carbon from their normal values. 
On this basis, we conclude that the solution structures of 3-6 are 
similar to the solid-state structure of 6. The range of /CH values 
observed for 3-6 (134-140 Hz) may reflect small differences in 
the conformation of the ZrCH(Me)(6-ethylpyrid-2-yl) ligand 
which result from the different steric and electronic demands of 
CO, RCN, and Cl" ligands. The potential energy surfaces for 
distortion of CH(Me)(pyrid-2-yl) ligands are likely to be rather 
flat.34 Structures for 3-5 with CO or RCN cis to N are unlikely 
on steric grounds. 

Fate of Complex 3. The bright yellow CH2Cl2 solutions of 
complexes 3 and 3-13CO are not stable at 23 0C and turn red 
within minutes. The decomposition was monitored by 1H NMR 
spectroscopy. Initial 1H NMR spectra reveal formation of a 
transient cationic zirconocene-acyl intermediate Cp2Zr(C(O)-
CHiMe)|6-ethylpyrid-2-yl))+ 9 (within ca. 20 min at ambient 
temperature).35 Later 1H NMR spectra (longer than 20 min, 
less than 2 days) are very complex and establish that intermediate 
9 decomposes to a mixture of species. A broad resonance at S 
8.99 attributable to ZrOCZf=CCH3 suggested the presence of 

(31) Bailey, S. I.; Colgan, D.; Engelhardt, L. M.; Leung, W.-P.; Papas-
ergio, R. I.; Raston, C. L.; White, A. H. J. Chem. Soc, Dalton Trans. 1986, 
603. 

(32) Beshouri, S. M.; Chebi, D. E.; Fanwick, P. E.; Rothwell, I. P. Or-
ganomet allies 1990, 9, 2375. 

(33) Hunter, W. E.; Hrncir, D. C; Bynum, R. V.; Penttila, R. A.; Atwood, 
J. L. Organometallics 1983, 2, 750. 

(34) See: Schleyer, P. v. R.; Hacker, R.; Dietrich, H.; Mahdi, W. / . Chem. 
Soc, Chem. Commun. 1985, 622. 

(35) Key data for intermediate 9: 1H NMR (CD2Cl2) S 7.82 (t, VHH = 
7.9 Hz, 1 H, para py-H), 7.04 (obscured by BPh4", 1 H, meta py-H), 7.02 
(obscured by BPh4", 1 H, meta py-H), 6.24 (s, 5 H, Cp), 5.47 (s, 5 H, Cp), 
2.59 (q, VHH = 7.5 Hz, 2 H, CW2CH3), 2.54 (q, VHH = 6.5 Hz, 1 H, 
ZrCZZ(CH3)), 1.75 (d, 3A1H = 6-5 Hz, 3 H, ZrCH(CZZ3)), 1.34 (t, 3/HH = 
7.5 Hz, 3 H, CH2CZZ3);

 1^C NMR (CD2Cl2) S 319.8 (ZrCO). 
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Zr-enolate species. Treatment of the complex decomposition 
mixture of 3 with (PhCH2)(Et)3N+Cr affords Cp2Zr(OCH== 
C(MeH6-ethylpyrid-2-yl))Cl (1O),36 establishing that 9 decomposes 
to a mixture of isomeric/oligomeric zirconocene-enolate species. 
Hydrolysis of the decomposition mixture of 3 affords a mixture 
of thermally sensitive tautomers, enol 11 /aldehyde 11', which were 
unambiguously characterized by NMR, FTIR, and mass spec
troscopy. 

These observations are most consistent with a decomposition 
mechanism (Scheme H) which involves initial CO insertion into 
the Zr-C bond followed by a 1,2-H shift to afford a mixture of 
isomeric/oligomeric zirconocene-enolates, the hydrolysis of which 
affords the enol/aldehyde tautomers. Similar acyl/enolate re
arrangements have been reported for acyl and iminoacyl complexes 
of early transition metals.37 

Summary 
Carbonylation of the four-membered cationic azazirconacycle 

2 yields the d0 carbonyl complex Cp2Zr|CH(Me)(6-ethylpyrid-
2-yl)((C0)+ (3).38 IR and NMR data establish that 3 contains 

(36) Complex 10 was obtained as a ca. 12:1 mixture of cis/trans (olefin 
geometry) isomers. Key spectroscopic data: major isomer, 'H NMR (C-
D2Cl2) S 8.26 (q, VHH = 1.3 Hz, 1 H, ZrOCAf=CCH3), 7.17 (t, 3yHH = 7.8 
Hz, 1 H, meta py-H), 6.90 (d, 3/HH = 7.7 Hz, 1 H, meta py-H), 6.65 (d, VHH 
= 7.9 Hz, 1 H, meta py-H), 5.89 (s, 10 C, Cp-H), 2.81 (q, VHH = 7.6 Hz, 
2 H, CA2CH3), 2.15 (d, 3/HH = 1.3 Hz, 3 H, =C(CZZ3)), 1.32 (t, 3 /HH = 7.6 
Hz, 3 H, CH2CW3); minor isomer, 1H NMR (CD2Cl2) 6 8.38 (q, VHH = 1-3 
Hz, 1 H, ZrOCZZ=CCH3), 2.21 (d, 3/HH = 1-3 Hz, 3 H, =C(CZZ3)). 

(37) See ref 2a, Rothwell, and (a) Lappert, F.; Raston, C. L.; Engelhardt, 
L. M.; White, A. H. /. Chem. Soc., Chem. Commun. 1985, 521. (b) Petersen, 
J. L.; Egan, J. W. Organometallics 1987, 6, 2007. (c) Meyer, T. Y.; Garner, 
L. R.; Baenziger, N. C; Messerle, L. Inorg. Chem. 1990, 29, 4045. (d) Fagan, 
P. J.; Manriquez, J. M.; Marks, T. J.; Day, V. W.; Vollmer, S. H.; Day, C. 
S. J. Am. Chem. Soc. 1980,102, 5393. (e) Sonnenberger, D. C; Mintz, E. 
A.; Marks, T. J. J. Am. Chem. Soc. 1984,106, 3484. (f) Arnold, J.; Tilley, 
T. D.; Rheingold, A. L.; Geib, S. J.; Arif, A. M. J. Am. Chem. Soc. 1989, 
/ / / , 149. 

(38) 2 also reacts with excess 1BuNC at 25 0C to form a metastable d0 

isocyanide adduct (analogous to 3), which undergoes insertion (/,/2 < 15 min) 
to yield an iminoacyl/isocyanide complex. Cp2Zr(CH|CH3)(6-ethylpyrid-2-
yl))('BuNC)+: 1H NMR (360 MHz, CD2Cl2, 23 0C) S 7.68 (t, 37HH = 7.9 
Hz, 1 H, para py-H), 7.05 (obscured by BPh4-, 1 H, meta py-H), 6.81 (d, VHH 
= 8.0 Hz, 1 H, meta py-H), 6.18 (s, 5 H, Cp), 5.34 (s, 5 H, Cp), 2.78 (m, 
2 H, CH2CH3), 2.10 (q, VHH = 6.2 Hz, 1 H, ZrCTZ(CH3)), 1.69 (s, 9 H, 
coordinated (CZZ3J3CNC), 1.68 (obscured by (CZZ3)3CNC, 3 H, ZrCH-
(CZZ3)), 1.42 (t, VHH = 7.5 Hz, 3 H, CH2CZZ3). Cp2Zr(CIN-1Bu(CH-
|CH3||6-ethylpyrid-2-yl))(,BuNC)+: 1H NMR (360 MHz, CD2Cl2, 23 "C) 
S 7.70 (t, VHH = 7.7 Hz, 1 H, para py-H), 7.19 (d, VHH = 7.7 Hz, 1 H, meta 
py-H), 7.15 (d, VKH = 7.7 Hz, 1 H, meta py-H), 5.89 (s, 5 H, Cp), 5.43 (s, 
5 H, Cp), 4.86 (q, VHH = 7.0 Hz, 1 H, CZZ(CH3)), 2.87 (q, 3/HH = 7.6 Hz, 
2 H, CZZ2CH3), 1.78 (d, VHH = 7.0 Hz, 3 H, CH(CZZ3)), 1.67 (s, 9 H, 
coordinated (CZZ3)3CNC), 1.34 (t, 3JHH = 7.6 Hz, 3 H, CH2CZZ3), 1.34 (s, 
9 H, Zr(C=NC(CZZj)3)). 

a terminal CO ligand, and comparison of the data of 3 to data 
for related adducts 4-6 and other MCH(R)py complexes 7 and 
8 establishes that the ZrCH(Me)(6-ethylpyrid-2-yl) ligand adopts 
a chelated structure. By analogy to the structure of neutral 
chloride derivative 6, the CO ligand of 3 is likely to be cis to the 
Zr -C , although this was not conclusively established. Other than 
the Z r - R u bonded species Cp2Zr(CO)(M-(T1Ir-CsH4)Ru(CO)2, 3 
is the only known d0 carbonyl complex containing a <r-hydrocarbyl 
ligand. The lowering of vco for 3 from the free CO value is 
ascribed to back-bonding from the Z/^-CH(Me)(py) bonding 
orbital to the CO ir*-orbital, analogous to the back-bonding in
teractions proposed to explain the low vCo values for 
Cp* 2 MH 2 (CO) (M = Zr, Hf). E H M O calculations indeed in
dicate significant Zr-CH 3 /*-* overlap in the lateral isomer of 
Cp 2 ZrR 2 (CO). 3 The higher i/co v a l u e f o r 3 v s Cp*2MH2(CO) 
is consistent with a difference in charge; i.e., a-donation should 
be stronger and back-bonding to the CO ir*-orbital weaker for 
cationic 3 than for neutral Cp*2MH2(CO). Furthermore, 
back-bonding from only one bonding orbital is possible for 3. The 
most surprising feature of the carbonylation chemistry described 
here is that 3 is stable enough to be observed and characterized. 
The slow CO insertion of 3 may be linked to the chelated structure 
of the CH(Me) (6-ethylpyrid-2-yl) ligand and/or the steric 
crowding at the migrating secondary carbon.39 This work suggests 
several strategies for the synthesis of stable/observable d0 metal 
olefin/alkyne complexes, which we are actively pursuing. 

Experimental Section 
General. All manipulations were performed under nitrogen atmo

sphere or vacuum, using a Vacuum Atmospheres Drybox, Schlenk 
techniques, or a high-vacuum line. CH2Cl2 was distilled from CaH2. 
Hexane was distilled from Na/benzophenone. CH3CN and 1BuCN were 
predried with 4-A molecular sieves, distilled from CaH2, and stored over 
4-A molecular sieves. CD2Cl2 was distilled from P2O5. All solvents were 
stored in evacuated bulbs and vacuum transferred into reaction flasks or 
NMR tubes. 2,6-Diethylpyridine was vacuum distilled and stored over 
molecular sieves. CO and 13CO (99.9% 13C) were purchased from Air 
Products and MSD Isotopes, respectively. NMR spectra were recorded 
on Bruker AC-300 or AMX-360 MHz spectrometers in sealed tubes. 1H 
and 13C chemical shifts are reported versus Me4Si and were determined 
by reference to the residual 1H and '3C solvent peaks. 1H NMR cou
plings were identified via homonuclear decoupling experiments in cases 
where they were not readily apparent. 13C NMR assignments are based 
on DEPT and gated (1H) experiments and comparisons to data of related 
compounds. All spectra of cationic complexes exhibited normal BPh4" 
resonances: 1H NMR (CD2Cl2) 5 7.35 (m, 8 H), 7.05 (t, J = 7.4 Hz, 
8 H), 6.90 (t, J = 7.4 Hz, 4 H); 13C NMR (CD2Cl2) S 165.4 (q, J = 49.3 
Hz), 136.6, 126.0, 122.2. FTIR spectra were recorded on a Mattson 
Cygnus 25 spectrometer. Mass spectral analyses were performed on a 
VG Trio-1 benchtop GC-MS; the relative intensities are reported in 
parentheses. Elemental analyses were performed by E & R Laboratories 
Inc. [Cp2Zr(CH3)(THF)][BPh4] (1) was prepared as described in ref 
14h. 

[Cp2Zr(i,2-C)JV-CH|CH3]16-ethylpyrid-2-yl!)IBPh4] (2). To a slurry 
of 1 (200 mg, 0.319 mmol) in CH2Cl2 (7 mL) was added 2,6-diethyl-
pyridine (86 mg, 0.638 mmol). The mixture was stirred at 23 0C for 10 
min, resulting in a clear purple solution. The solution was stirred for 24 
h at 23 0C and then filtered through a glass wool plug. Hexane (~10 
mL) was added to the filtrate to induce slow precipitation of the product. 
The purple solid was separated by filtration, washed with hexane (3 X 
10 mL), and dried in vacuo (yield 191 mg, 89%). 2: 1H NMR (360 
MHz, CD2Cl2, 23 0C) & 7.88 (t, J = 7.9 Hz, 1 H, para py-H), 7.30 (d, 
J = 8.0 Hz, 1 H, meta py-H), 7.05 (obscured by BPh4", 1 H, meta py-H), 
6.63 (s, 5 H, Cp), 6.01 (s, 5 H, Cp), 3.97 (q, VHH = 6.5 Hz, 1 H, 
ZrCZZ(CH3)), 2.16 (sextet (overlapping doublet of quartets), 2yHH = 15.2 
Hz, 3/HH = 7.6 Hz, 1 H, CZZ2CH3), 2.08 (sextet (overlapping doublet 
of quartets), VHH = 15.2 Hz, V H H = 7.6 Hz, 1 H, CH2CH3), 1.75 (d, 
VHH = 6.5 Hz, 3 H, ZrCH(CZZ3)), 1.03 (t, V H H = 7.6 Hz, 3 H, 
CH2CZZ3);

 13C NMR (75 MHz, CD2Cl2, 23 "C) S 163.0 (ortho py-C), 
157.8 (ortho py-C), 143.0 (para py-C), 119.8 (meta py-C), 119.7 (meta 
py-C), 117.5 (Cp), 116.6 (Cp), 51.7 (ZrCH(CH3), *JCH = 133 Hz), 32.1 
(CH2CH3), 17.7, 14.5. Anal. Calcd for C43H42BNZr: C, 76.53; H, 6.27; 
N, 2.08. Found: C, 76.26; H, 6.34; N, 2.02. 

(39) Unlike the primary zirconocene alkyl/pyridine complex Cp2Zr(Ij2-
C,7V-CH2|6-methylpyridyl-2-yl))+ (ref 16b), 3 does not insert olefins, terminal 
alkynes, or nitriles. Guram, A. S.; Jordan, R. F. Unpublished results. 
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[Cp2Zr(CH(CH3i|6-ethylpyrid-2-yl))(CO)IBPh4] (3). An NMR tube 
containing a purple solution of 2 (36 mg, 0.053 mmol) in CD2Cl2 (0.3 
mL) was charged with CO (~1 atm) via vacuum transfer at -197 0C. 
The tube was warmed to 0 0 C to afford a bright yellow solution of 
thermally unstable 3 (yield: 100% by NMR). Complex 3 could not be 
isolated as a solid and was characterized in solution. Hydrolysis of 3 at 
-78 0C gave 2,6-diethylpyridine (97% yield by NMR), which was 
characterized by comparison of its 1H NMR spectrum with that of a 
commercially available sample. 3: 1H NMR (360 MHz, CD2Cl2, 23 0C) 
b 7.79 (t, J = 7.9 Hz, 1 H, para py-H), 7.05 (obscured by BPh4", 1 H, 
meta py-H), 6.91 (obscured by BPh4", 1 H, meta py-H), 6.14 (s, 5 H, 
Cp), 5.34 (s, 5 H, Cp), 2.69 (q, VHH = 7.5 Hz, 2 H, CZf2CH3), 2.19 (q, 
3 /H H = 6.5 Hz, 1 H, ZrCW(CH3)), 1.75 (d, VHH = 6.5 Hz, 3 H, 
ZrCH(CW3)), 1.41 (t, VH H = 7.5 Hz, 3 H, CH2CW3);

 1H NMR (360 
MHz, CD2Cl2, -23 0C) 6 7.79 (t, VHH = 7.9 Hz, 1 H, para py-H), 7.05 
(obscured by BPh4", 1 H, meta py-H), 6.91 (obscured by BPh4", 1 H, 
meta py-H), 6.12 (s, 5 H, Cp), 5.29 (s, 5 H, Cp), 2.68 (multiplet 
(overlapping doublet of quartets for each H), 2 H, CW2CH3), 2.14 (q, 
3/H H = 6A Hz, 1 H, ZrCW(CH3), 1.73 (d, 3 / H H = 6.5 Hz, 3 H, ZrCH-
(CW3)), 1.39 (t, V H H = 7.5 Hz, 3 H, CH2CW3).

 13C NMR (90 MHz, 
CD2Cl2, -40 0C) i 206.1 (CO), 164.3 (ortho py-C), 162.8 (ortho py-C), 
142.4 (para py-C), 116.1 (meta py-C), 114.0 (meta py-C), 109.8 (Cp), 
107.7 (Cp), 30.5, (29.1, 29.0, 28.9) (three rotamers of CH2CH3), 15.1, 
(12.5, 12.4, 12.3) (three rotamers of CH2CH3); FTIR (CH2Cl2, 0.1 mm 
NaCl cell) xco 2095 cm"'. 

[Cp2Zr(CH|CH3}|6-ethylpyrid-2-yl))(13CO)IBPh4] (3-'3CO). This 
thermally sensitive complex was prepared from the reaction of 2 with 
13CO using the procedure described for the preparation of 3 (yield: 100% 
by NMR). 3-13CO: 1H NMR (360 MHz, CD2Cl2, 23 0C) S 7.79 (t, 
V H H = 7.9 Hz, 1 H, para py-H), 7.05 (obscured by BPh4", 1 H, meta 
py-H), 6.91 (obscured by BPh4", 1 H, meta py-H), 6.14 (s, 5 H, Cp), 5.34 
(s, 5 H, Cp), 2.69 (q, \7H H = 7.5 Hz, 2 H, CW2CH3), 2.19 (q, 37HH = 
6.5 Hz, 1 H, ZrCW(CH3)), 1.75 (d, V „ H = 6.5 Hz, 3 H, ZrCH(CW3)), 
1.41 (t, VHH = 7.5 Hz, 3 H, CH2CW3); 1H NMR (360 MHz, CD2Cl2, 
-40 0C) b 7.78 (t, V H H = 7.9 Hz, 1 H, para py-H), 7.05 (obscured by 
BPh4", 1 H, meta py-H), 6.93 (obscured by BPh4", 1 H, meta py-H), 6.08 
(s, 5 H, Cp), 5.24 (s, 5 H, Cp), 2.68 (multiplet (overlapping doublet of 
quartets of each H), 2 H, CW2CH3), 2.12 (q, 37HH = 6.4 Hz, 1 H, 
ZrCW(CH3)), 1.72 (d, V„H = 6.4 Hz, 3 H, ZrCH(CW3)), 1.39 (t, lJHH 

= 7.5 Hz, 3 H, CH2CW3);
 13C NMR (90 MHz, CD2Cl2 -40 0C) i 206.1 

(CO), 164.4 (ortho py-C), 162.8 (ortho py-C), 142.5 (para py-C), 116.2 
(meta py-C), 114.1 (meta py-C), 109.9 (Cp), 107.9 (Cp), 30.6 (slightly 
broadened), (29.1, 29.0, 28.9) (three rotamers of CH2CH3), 15.2, (12.6, 
12.5, 12.4) (three rotamers of CH2CH3); FTIR (CH2Cl2, 0.1 mm NaCl 
cell) vco 2048 cm"'. 

[CpjZr(CH|CHj)|6-ethylpyrid-2-yl!)(CH3CN)IBPh4] (4). Method A. 
To a purple solution of complex 2 (50 mg, 0.074 mmol) in CH2Cl2 was 
added CH3CN (~14 mg, 0.342 mmol). The reaction mixture was 
shaken for 5 s to give a bright yellow solution. Solvent and excess 
CH3CN were removed under vacuum, and the yellow solid was dried 
under vacuum for 3 h to afford complex 4 in a quantitative yield. This 
sample was used for elemental analysis, 'H NMR, and FTIR studies. 

Method B. Excess CH3CN (0.2 mL) was directly added to solid 2 (20 
mg, 0.30 mmol). The resulting bright yellow solution was allowed to 
stand at 23 "C for 1 min. Excess CH3CN was removed under vacuum 
to afford complex 4 in a quantitative yield. Isolated 4 contained 0.4-0.5 
excess equiv of CH3CN which could not be removed even on extended 
periods of vacuum drying. This sample was used for 13C NMR studies. 
4: 1H NMR (300 MHz, CD2Cl2, 23 0C) b 7.70 (t, 3 / H H = 7.9 Hz, 1 H, 
para py-H), 6.92 (obscured by BPh4", 2 H, meta py-H's), 6.28 (s, 5 H, 
Cp), 5.50 (s, 5 H, Cp), 2.66 (m, 2 H, CW2CH3), 2.45 (q, VHH = 6.1 Hz, 
1 H, ZrCW(CH3)), 1.87 (s, 3 H, coordinated CH3CN), 1.53 (d, V H H = 
6.2 Hz, 3 H, ZrCH(CW3)), 1.38 (t, V „ H = 7.5 Hz, 3 H, CH2CW3);

 13C 
NMR (75 MHz, CD2Cl2, 23 0C) S 164.3 (ortho py-C), 163.5 (ortho 
py-C), 141.0 (para py-C), 115.6 (meta py-C), 114.3 (meta py-C), 113.0 
(Cp), 111.8 (Cp), 37.2 (CH(CH3), XJCH = 136 Hz), 29.7 (CH2CH3), 
15.7 (CH2CH3), 13.5 (C(H)CH3), 2.81 (CH3CN), CN resonance not 
observed; FTIR (KBr pellet) J/CN 2307, 2278 cm"1. Anal. Calcd for 
C45H45BN2Zr: C, 75.50; H, 6.34; N, 3.91. Found: C, 75.37; H, 6.37; 
N, 4.17. 

[CpjZr(CH|CH3||6-ethylpyrid-2-yl})('Bu-CN)IBPli4] (5). Complex 5 
was isolated as a yellow oil in a quantitative yield from the reaction of 
2 with 'BuCN. The methods described for the preparation of 4 were used 
here with analogous results. 5: 1H NMR (300 MHz, CD2Cl2, 23 0C) 
h 7.71 (t, 3 / „ H = 7.8 Hz, 1 H, para py-H), 6.92 (obscured by BPh4", 2 
H, meta py-H's), 6.28 (s, 5 H, Cp), 5.50 (s, 5 H, Cp), 2.67 (m, 2 H, 
CW2CH3), 2.44 (q, V H H = 6.1 Hz, 1 H, ZrCW(CH3)), 1.59 (d, 37H H = 
6.2 Hz, 3 H, ZrCH(CW3)), 1.50 (s, 9 H, coordinated (CW3)3CCN), 1.39 

(t, VHH = 7.6 Hz, 3 H, CH2CW3);
 13C NMR (75 MHz, CD2Cl2, 23 0C) 

S 164.2 (ortho py-C), 163.4 (ortho py-C), 141.1 (para py-C), 115.7 (meta 
py-C), 114.3 (meta py-C), 113.1 (Cp), 111.8 (Cp), 36.3 (CH(CH3), VCH 

= 136 Hz), 29.6 (CHjCH3), 28.0 (C(CH3)3), 15.6 (CH2CH3), 13.5 
(C(H)CH3), 2.81 (CH3CN), (CH3)3CCN resonances were not found 
even after 18000 scans; FTIR (KBr pellet) VCN 2264, 2232 cm"1. Anal. 
Calcd for C48H51BN2Zr: C, 76.06; H, 6.78; N, 3.70. Found: C, 75.99; 
H, 6.95; N, 3.52. 

CpjZr(CH(CH3||6-ethylpyrid-2-yl|)Cl (6). To a purple solution of 2 
(135 mg, 0.200 mmol) in CH2Cl2 was added solid [(PhCH2)Et3N]Cl (70 
mg, 0.308 mmol). The reaction mixture was stirred for 5 min to afford 
a bright yellow solution. CH2Cl2 was removed under vacuum, and the 
residue was extracted with toluene ( 3 X 3 mL). The extract was filtered 
through glass wool, layered with pentane (4 mL), and allowed to stand 
in the freezer overnight to afford 6 as a yellow crystalline solid (yield: 
59 mg, 76%). This sample was used for X-ray diffraction analysis and 
NMR studies. A second crop (11 mg) was collected from the mother 
liquor by adding pentane (5 mL) and cooling. 6: 1H NMR (360 MHz, 
CD2Cl2, 23 0C) b 7.51 (t, VHH = 7.7 Hz, 1 H, para py-H), 6.74 (d, 3 /H H 

= 8.2 Hz, meta py-H's), 6.68 (d, V H H = 7.4 Hz, meta py-H's), 6.11 (s, 
5 H, Cp), 5.69 (s, 5 H, Cp), 2.92 (sextet (overlapping doublet of quar
tets), VHH = 7.6 Hz, 1 H, CW2CH3), 2.76 (sextet (overlapping doublet 
of quartets), 3 / H H = 7.6 Hz, 1 H, CW2CH3), 2.52 (q, 3 7„H = 6.1 Hz, 1 
H, ZrCW(CH3)), 1.62 (d, VH H = 6.1 Hz, 3 H, ZrCH(CW3)), 1.32 (t, 
VHH = 7.6 Hz, 3 H, CH2CW3);

 13C NMR (75 MHz, CD2Cl2 23 0C) « 
167.3 (ortho py-C), 164.6 (ortho py-C), 139.0 (para py-C), 116.5 (meta 
py-C), 113.4 (Cp), 113.3 (meta py-C), 111.5 (Cp), 43.9 (CH(CH3), 1JcH 
= 134 Hz), 29.8 (CH2CH3), 15.6 (CH2CH3), 13.8 (C(H)CH3). 

X-ray Analysis. Crystals of 6 were grown by cooling a concentrated 
toluene/pentane solution and sealed in capillaries under N2. Details of 
the X-ray analysis are summarized in Table II. 

Enol 11/Aldehyde 11'. An NMR tube containing a purple solution 
of 2 (20 mg, 0.030 mmol) in CD2Cl2 (0.3 mL) was charged with CO (~3 
atm) via vacuum transfer at -197 0C. The tube was warmed to 0 8 C 
to afford a bright yellow solution of thermally unstable 3 (yield: 100% 
by NMR). This solution was allowed to stand at 23 0 C for 2 days. To 
the resulting red solution was added 1 drop of H2O, and the two-phase 
mixture was shaken for 5 min at 23 0C to afford a yellow organic phase. 
Purification of the organic phase by low-temperature (-78 0C) column 
chromatography on alumina using pentane and then EtOAc as eluents 
gave a mixture of unstable tautomers 11 and 11' (yellow oil; yield 3.1 mg, 
63%; ratio ~7:1). Enol (11): 1 H N M R ( S e O M H z 1 C D 2 C l 2 ^ 0 C ) J 
14.8 (br, 1 H, OH), 7.66 (t, VH H = 7.9 Hz, 1 H, para py-H), 7.02 (br 
d, JHli ca. 1 Hz, 1 H, =CW(OH)), 6.96 (d, 3 /H H = 7.9 Hz, 1 H, meta 
py-H), 6.90 (d, VH H = 7.9 Hz, 1 H, meta py-H), 2.80 (q, VHH = 7.6 
Hz, 2 H, CW2CH3), 1.86 (d, VH H = 1.2 Hz, 3 H, CH(CW3)), 1.30 (t, 
37HH = 7.6 Hz, 3 H, CH2CW3);

 13C NMR (90 MHz, CD2Cl2, 23 "C) 
5 153.4 (=CH(OH)) , 138.0 (para py-C), 118.4 (meta py-C), 116.2 
(meta py-C), 30.7 (CH2CH3), 14.9 (CH3), 13.3 (CH3) (the low con
centration of sample used for prevention of decomposition precluded 
identification of the three quaternary carbons); FTIR (NaCl film) v0H 

3356 cm"1. Aldehyde (H') : 1H NMR (360 MHz, CD2Cl2, 23 0C) S 
9.81 (d, 3/H H = 1-2 Hz, 1 H, CH=O) , 7.60 (t, VHH = 7.8 Hz, 1 H, para 
py-H), 7.07 (d, V„H = 7.9 Hz, 1 H, meta py-H), 7.02 (d (partially 
obscured by enol CW(OH)=), 1 H, meta py-H), 3.74 (quartet of 
doublets, V„H = 1-2 Hz, 3Jm = 7.0 Hz, 1 H, CW(CH3)CHO), 2.79 
(obscured by enol CH2, 2 H, CW2CH3), 1.43 (d, VHH = 7.1 Hz, 3 H, 
CH(CW3)), 1.27 (t, 3 /H H = 7.6 Hz, 3 H, CH2CW3); FTIR (NaCl film) 
KHC-O 1734 cm"1; MS (EI, 70 eV) m/e 163 (6) (molecular ion), 162 (7) 
(M - 1), 135 (55), 134 (100) (base peak, M - CH2CH3), 119 (26), 84 
(15), 77(14), 49(18). 
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