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A series of cationic alkyl complexes (CsH Me).Zr(CH,CH,R)(CH;CN),* (3b,c-7h,¢c; R = H,
CH;, CH,CHj;, Ph, CMe;) is generated by reaction of the corresponding THF complexes (C;H,-
Me)oZr(CH,.CH,R)(THF)* (3a-7a) with excess CH;CN. In CD.Cl, these complexes exist as
equilibrium mixtures of rapidly exchanging mono(CH;3;CN) species (3b-7b) and bis(CH;CN)
species (3c-7¢). K., for CH;CN dissociation from the ethyl complex 3¢ is estimated to be 0.5(3)
M (20 °C) from the variation of !H NMR ethyl chemical shifts vs [CD3CN]. NMR data establish
that the mono(nitrile) ethyl complexes 3b and (CsH;Me).Zr(CH,CH;)(*BuCN)* (12) adopt
B-agostic structures analogous to those of (C:H;Me),Zr(CH,CH;R)(PMe3)* species. Key data
include high-field H and *C ZrCH,CHj; resonances, large Jc -y values, and reduced Jc ¢
values (27 Hz). The J values are similar to values for cyclobutanes and thus reflect the reduce
Zr—C-C and C-C-H), angles and concomitant hybridization changes associated with the 8-agostic
structure, rather than extensive distortion toward an olefin hydride structure. By analogy to
(CsH Me),Zr(CH,CH,R)(PMe;)* systems, the higher alkyls 4b—7b also likely adopt 8-agostic
structures. In CD,Cl,solution containing excess CH;CN as a trapping reagent, 4b,c~7b,c undergo
clean 8-H elimination and subsequent rapid CH;CN insertion at 23 °C to yield (C;H,Me).Zr-
{N=C(H)(Me)}(CH3;CN)* (11) and olefin. Under these conditions, ethyl system 3b,c undergoes
competitive CH3CN insertion leading to (CsHMe).Zr{N=C(Et)(Me)}(CH;CN)* (10,84 %) and
B-H elimination leading to 11 (16%). Kinetic studies support a mechanism in which mono-
(CH5CN) complex 3b undergoes competitive insertion and 8-H elimination followed by rapid
trapping; Rinsert = 4.38(9) X 105! and &g.elim = 8.20(13) X 10-5 871 at 20.0(4) °C. Kinetic studies
of the reaction of ZrCH,CH,!Bu system 7h,c support an analogous mechanism in which mono-
(CH;CN) complex 7b undergoes rate-limiting 8-H elimination (Rg.eiim = 9.4(1) X 104 s7!) and
Rinsert << Rg.elim- Alkyl/aryl substituents on the §-carbon of (C;HMe).Zr(CH,CH;R)(CH;CN)*

influence both insertion and 8-H elimination rates.

Introduction

There is considerable evidence that 14-electron, d°®
Cp:M(R)* cations are the active species in CpoMX,-based
olefin polymerization catalysts.2 Sixteen-electron CpsM-
(R)(L)* complexes have been studied extensively as
precursors to base-free species (via L dissociation)®* and
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as models for CpoM(R)(substrate)* intermediates.>¢ The
insertion, 8-H elimination, and o-bond metathesis chem-
istry of these complexes is of interest for understanding
the reaction mechanisms and structure/reactivity trends
of Cpo:M(R)* species in more complex catalyst systems,
and for the development of other C-C bond forming
reactions.”8

The nitrile insertion chemistry of CpoM(CH3)(L)* (M
= Zr, Ti) complexes has been studied in detail (eqs 1 and
2). Nitriles are convenient substrates for mechanistic
studies because the initial adducts can be directly observed
or isolated, and only single insertions yielding stable
M—N=CR; azaalkenylidene products occur. NMR and
kinetics studies of the Zr system establish that the bis-
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(nitrile) adduct Cp,Zr(CH;3)(CH3CN),t is strongly favored
over the mono(nitrile) adduct and undergoes insertion (eq
1) and that electron-donor groups on the Cp ring accelerate
this process.® In contrast, bis(nitrile) adducts are not
observed in the Tisystem, and the mono adducts undergo
rate-limiting insertion followed by rapid trapping (eq 2).1°

In this paper, the structures and reactivity with CH;-
CN of higher alkyl complexes, Cp’,Zr(CH,CH:R)(CH3-
CN),,* (Cp’ = CsH Me), are described. For these systems
8-H elimination becomes a dominant process. The coun-
terion is BPh, in all cases.

Results and Discussion

Synthesis and Solution Structures of Cp’,Zr(CH,-
CH:R)(L)* (L = THF,PMe;) Complexes. Hydrogenol-
ysis of Cp’2Zr(CH3)(THF)* (1) yields Cp’2Zr(H)(THF)*
(2), which provides general access to cationic alkyl
complexes Cp’oZr(CH,CH;R)(THF)* (3a—7a) viareaction
with the appropriate olefin as described previously (eq
3).7 The alkyl groups of these complexes adopt normal,

c H R , /CHCHR
CD',%!( o —H£-> Cp‘22+r< i’ CP'22'< (3)
THF THF THF

1 2 33, R=H
43, R = CH,
58, R = CH,CH;,
6a R« Ph
78, R = CMe,

undistorted structures. Key NMR spectroscopic param-
eters for ethyl complex 3a, which are characteristic of
normal ethyl ligands in Cp’yZr(CH;CH3)(L)* systems,
include (i) a low-field H; resonance (8 1.42) which is
downfield of the H, resonance (6 1.23), (ii) normal 13C
parameters for C; (8§ 17.1, Jou = 125 Hz), and (iii) slightly
reduced Jcy value for C,, (6 60.7, Jcu = 116 Hz) due to the
electropositive Zr.!! The 13C-labeled complex Cp/sZr (13-
CH,!3CH;)(THF)* (3a-13C;) was prepared by reaction of
Cp’2Zr(H)(THF)* with ethylene-'3C; and Jc ¢, deter-
mined (32.9 Hz). This value is slightly lower than Jc¢ for
ethane (34.6 Hz).1?

Complex 3a is stable in THF but decomposes slowly in
CH.Cl; to the known Cp’2Zr(CH,CH3)Cl (8) by chloride
abstraction.!® The formation of 8 was confirmed via an
independent preparation from 3a and [NMe4Cl. The
spectroscopic properties of 8 are similar to those of 3a and

(9) Alelyunas, Y. W,; Jordan, R. F.; Echols, S. F.; Borkowsky, S. L.;
Bradley, P. K. Organometallics 1991, 10, 1406.

(10) Bochmann, M.; Wilson, L. M.; Hursthouse, M. B.; Motevalli, M.
Organometallics 1988, 7, 1148.

(11) (a) Yoder, C. H.; Tuck, R. H.; Hess, R. G. J. Am. Chem. Soc. 1969,
91, 539. (b) McKeever, L. D.; Waack, R.; Doran, M. A,; Baker, E. B. J.
Am. Chem. Soc. 1969, 91,1057. (c) Fraenkel, G.; Adams, D. G.; Williams,
J. Tetrahedron Lett. 1963, 767. (d) Finch, W. C.; Anslyn, E. V.; Grubbs,
R. H. J. Am. Chem. Soc. 1988, 110, 2406.

8 (812) Summerhays, K. D.; Maceil, G. E. J. Am. Chem. Soc. 1972, 94,
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are consistent with a normal, undistorted ethyl group
(TableI). Asfor3a,the Hsresonance (8 1.29) is downfield
of the H, resonance (8 0.88), the 13C parameters for C; are
normal (§ 17.9, Jcu = 124 Hz), the Jc -y value (118 Hz)
is slightly reduced from the normal sp? value, and J¢ ,
(32.3 Hz, measured for 8-13Cy) is slightly less than the
value for ethane.

Reaction of 3a-7a with PMe; generates the PMes
complexes Cp’2Zr(CH;CH3R) (PMe;)* which adopt agostic
structures!4 with a single 8-H bridging to Zr (X-ray, 'H,
13C NMR, isotopic perturbation of resonance, IR), as
described in detail elsewhere®1% and as shown for 3a and
7aineq4. Exchange of terminal and bridging 8-hydrogens
is rapid on the NMR time scale for these systems.

H . H
/CHZCHZR . /j;—a
cp' fr PMes Coz 4
LN — Upasr 4)
- THF \PMe3
3a,R=H 9 R=H
7a, R = CMe, 13, R = CMeg

It is useful to summarize here the key NMR spectro-
scopic properties for ethyl derivative 9 (Table I), which
are characteristic of 8-agostic ethyl ligands in Cp’,Zr(CH,-
CHj,)(L)* species. Key data for 9 include (i) a high-field
Hgresonance (8 -1.26, at 23 °C) which is upfield of the H,
resonance (5 0.91), (ii) arelatively high-field chemical shift
and large C-H coupling constant for C, (5 28.6, Jcu = 141
Hz), (iii) a high-field Cg resonance (6 6.9, Jcy = 123 Hz),
and (iv) a reduced Jc c, value (28.5 Hz, determined for
9-13C;). The last value is similar to Jcc values for
cyclobutanes (ca. 29 Hz)'6 and much smaller than that of
ethylene (67.6 Hz),1” and thus reflects the reduced Zr-C-C
and C-C-H,, angles and concomitant hybridization chang-
es associated with the agostic structure rather than
extensive distortion toward an olefin hydride struc-
ture.l4a1818 Spencer has noted reduced Jcc values for
cationic, B-agostic Pt complexes (PP)Pt(Et)* (PP =
O-(tBU2PCH2)2CGH4, JCC =29 HZ; PP = (tBu)zp(CHz)ap-
(*Bu)2, Joc = 26 Hz).20 Also, Brookhart’s group has found
that Jccissmall (29 Hz) for the 8-agostic Co cations Cp*Co-
{P(OMe)3)CHRCHj;*, but larger (36-39 Hz) for the iso-
mericspecies Cp*Co{P(OMe)3)CH,CH.R* which are more
strongly distorted toward olefin hydride structures.?! The
Jc,-u value for 9 is also similar to that of cyclobutane (134
Hz) and can be ascribed to the reduced Zr-C—C angle.2?
The J¢ - value is the weighted average (due to the rapid

(14) Reviews: (a) Brookhart, M.; Green, M. L. H.; Wong, L. Prog.
Inorg. Chem. 1988, 36, 1. (b) Crabtree, R. H.; Hamilton, D. G. Adv.
Organomet. Chem. 1988, 28, 299.

(15) Bradley, P. K.; Alelyunas, Y. W.; Guo, Z.; Jordan,R. F. Manuscript
in preparation.

(16) Reported values for methylcyclobutane are Jc; ¢ = 29.1 Hz,Jco-c3
= 28.4 Hz. Stocker, M.; Klessinger, M. Org. Magn. Reson. 1979, 12, 107.

(17) Weigert, F. J.; Roberts, J. D. J. Am. Chem. Soc. 1971, 94, 6021.
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(87.2°). (a) Almennigen, A.; Bastiansen, O.; Skanke, P. N. Acta Chem.
Scand. 1961, 15, 711. (b) Wiberg, K. B. J. Am. Chem. Soc. 1983, 105,
1227.
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A. R.; Burger, B. J.; Nolan, M. C,; Santarsiero, B. D.; Schaefer, W. P.;
Bercaw,J.E.J. Am.Chem. Soc. 1987, 109,203, (b) Bender, B.R.; Norton,
J. R.; Miller, M. M.; Anderson, O. P.; Rappé, A. K. Organometallics, in
press.

(20) Mole, L.; Spencer, J. L.; Carr, N.; Orpen, A. G. Organometallics
1991, 10, 49.

(21) (a) Volpe, T. Ph.D. Thesis, University of North Carolina, 1991.
(b) M. Brookhart, personal communication.
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1981, 103, 1301.
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Table I. NMR Data*
compd (solvent) 'H, é assign 3C, 8 assign
Cp’2Zr(CH,CH;)(THF)* (3a) (CD;Cl,) 6.07-6.15 (m, 8 H) CsHMe 60.7 (td, Jcu = 116, Jec = 32.9) ZrCH,
3.46 (m, 4 H) O(CHchz)z 17.7 (qd, Jou = 125, Jc(j = 329)‘1 CH2CH3
2.14 (S. 6 H) C5H4CH3
1.83 (m, 4 H) O(CH,CH,),
1.42(t,3H) CH,CH;
1.23(q, 2 H) ZiCH,
Cp",Zr(CH,CH;3)(CH,CN)* (3b) 5.95 (m, 8 H) CsH:Me 39.49 (td, Jou = 139, Joc = 26.9)¢  ZrCH;
(CD,Ci;, 40 °C) 2,00 (s, 6 H) C:H,CH, -0.29(qd, Jo = 124, Joc = 26.9)¢ CH,CH,
1.47 (q,J = 8.6,2 H) ZrCH,
1.32(s,3H) CH,CN
0.07 (t,J =8.6,3 H) CH,CH,
Cp’2Zr(CH,CH;}(CD;CN),* 4« (3¢) 5.93 (m, 4 H) CsHMe 40.5 (td, Jou = 119, Joc = 33)¢ ZrCH,
(CD;CN) 5.81 (m, 4 H) CsH:Me 17.1 (qd, Jou = 123, Jec = 33) CH,CH;
3.64 (m, 4 H) O(CH,CH,),
2,12 (s, 6 H) CsH.CH,
1.83 (m, 4 H) O(CH,CH»);
1.21 (t, 3 H) CH,CH,;
0.77 (g, 2 H) ZrCH;
Cp’,Zr(CH,CH;Ph)(CH;CN),* (6¢c) 6.7-7.4 (m, 25 H) Ph, BPh,~
(CD;CN, 40 °C) 6.00 (m, 4 H) CsH:Me
5.83 (m,4 H) CsH:Me
2.61 (AA’XX’, 2 H) CH,Ph
2.10 (S, 6 H) C5H4CH3
0.90 (AA’XX’, 2 H) ZrCH,
Cp’,Zr(CH,CH,'Bu)(THF)* (7a) 6.21 (m, 4 H) CsH.Me 129.9 (CH).CCH;
(THF-dy) 6.14 (m, 4 H) CsH:Me 116.4 (CH),CCH;
211 (s,6 H) CsH.CH; 1144 (CH),CCH;
1.50 (AA’XX’, 2 H) CHy'Bu 64.4 ZrCH,
1.18 (AA’XX’, 2 H) ZrCH, 48.0 CMe;
0.88 (s, 9 H) C(CH3)3 335 CH,'Bu
29.2 C(CH:),
14.7 (CH).CH;,
Cp’,Zr(CH,CH;'Bu)(THF)* (7a) 6.10 (m, 4 H) CsH:Me
(CD;Clz, -33 °C) 6.01 (m, 4 H) C5H4Me
3.37(m, 4 H) O(CH,CH,),
2.12(s,6 H) CsH.CH;
1.80 (m, 4 H) O(CH,CH>);
1.40 (AA’XX’, 2 H) CH,'Bu
1.17 (AA’XX’, 2 H) ZrCH,
0.83 (s, 9 H) C(CH,);
Cp’2Zr(CH,CH,'Bu)(NCCD;),* # (7¢) 5.92 (m, 4 H) CsH.Me 123.1 (CH)4CCH;
(CD;CN, 3C at -20 °C) 5.80 (m, 4 H) CsHiMe 115.6 (CH)/CCH;
3.64 (m, 4 H) O(CH,CH,); 108.0 (CH),CCH;
2,12 (s, 6 H) CsH4CH; 48.0 ZrCH,
1.80(m,4H) O(CH,CH>), 42.1 CMe;
1.26 (AA’XX’, 2 H) CH,'Bu 335 CH,CMe;
0.85 (s, 9 H) C(CH;); 29.1 C(CH,);
0.71 (AA’XX’, 2 H) ZrCH, 14.6 (CH),CCH;
Cp’,Zr(CH,CH;)CI (8) (CD:Cl,, 25 °C) 6.09 (m, 4 H) CsHMe 45.5 (td, Joy = 118, Jec = 32.3)4 ZrCH,
6.02 (m, 4 H) C5H4MC 17.9 (qd. Jen = 124, Jcc = 323)d CHzCH;
2.21(s,6 H) CsH,CH;
1.29(t,J=7,3H) CH,CH,
0.88(q,/J=7,3H) ZrCH,
Cp’,Zr(CH,CH;)(PMe;)* (9) 5.74 (m, 2 H) CsHMe 28.6 (td, Jou = 141, Joc = 28.5)4 ZrCH,
5.59 (m, 2 H) C5H4Me -6.9 (qd, Jen =123, Jcc = 28.5)4 CH;CH;
5.53(m, 2 H) CsH.Me
5.49 (m, 2 H) CsHMe
1.98 (s, 6 H) CsH,CH,
1.36 (d, Jpy =7.6,9H) P(CH;);
0.91 (dq, JHH =84, ZTCHZ
Jpw = 8.6, 2 H)
-1.26 (dt, JHH = 86, CH:CHg
JPH = 4.5, 3 H)
Cp'Zr{N=C(CH;)(CH,CH,)}(CH;CN)* (10) 5.9 {brs, 2 H) C:H.Me 183.5 =C(Me)(Et)
(CD»Cl,, isomer ratio 3:1) 5.93 (brs, 4 H) CsHMe 134.0 CH:;CN
5.87 (b\‘ s, 2 H) C5H.Me 126.4 (CH)4CCH3
227(q,/=1.3) =CCH,;Me, major 112.8 (CH),CCH;
2.24(q,/=17.3,2Hy) =CCH,Me, minor 110.5 (t, 129) (CH),CCH,
2.05 (s, 6 H) CsH,CH; 108.4 (CH).CCH;
1.96 (s) =C(CH,;), major 108.2 (CH),CCH;
1.90 (s, 3 He) =C(CH};), minor 34.5(t, J = 125) =CCH,CH;
1.63 (s) CH,CN, major 29.2(q,.J/ =127) =C(CH;)
1.61 (s, 3 H?) CH;CN, minor 15.2(q, J = 127) (CH)4«CCH;
1.05(t,J=17.3) =CCH,CH;, minor 103 (q,J =117) ==CCH;CH;
0.87(t,J=17.3,3He) =CCH,CH;, major 2.1(q,J = 139) CH,CN
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Table I (Continued)

compd (solvent) 'H, é assign BC, assign
Cp’2Zr{N=C(CH;)(CH,CH)}(CH,CN)* (10) 6.09 (m,4 H) C:H;Me 34.5 (Jcc = 36.0)¢ ==CCH,CH;
(CD;CN) 6.02 (m, 4 H) C5H4Me 10.3 (Jcc = 36.0)d =CCH2CH3
2.26(q,/=7.3,2H) =CCH;Me
2.05 (S, 6 H) CsHaCH;
1.95(s,3H) =C(CH;)
1.93(s,3H) liberated CH;CN
088 (t,J=73,3H) =CCH,CH,

Cp’,Zr(CH,CH3){(CH,),CCN}*, (12) 5.8-6.0 (m, 8 H) CsHMe 40.33 (td, Joy = 137, Jcc = 269)¢  ZrCH,

(CD,Cl,;, 40°C) 2.05 (s, 6 H) CsH,CH; -1.11 (qd, Jou = 123, Jcc = 26.9)¢ CH,CH,
1.54 (m, 2 H) ZrCH,
1.54 (s,9 H) (CH;);CCN
—0.03(t,/=85,3H) CH,CH;

Cp’2Zr(CH,CH,'Bu)(PMe;)* (14) 5.76 (m, 4 H) CsHMe 123.3 (CH),CCH;
(CD,Cl,, 13C at -20 °C, contains 5.69 (m, 4 H) CsH Me 110.5 (CH),CCH,
0.7 equiv excess of PMe;) 2.12 (s, 6 H) CsH,CH,; 105.5 (CH),CCH;

1.20(d,J = 1.2) PMe;, free PMe; 34,75 (t, J = 140) ZrCH,

0.94(s,9H) C(CH,), 34,75 (t, J = 140) ZrCH,

0.91 (AA’XX’, 2 H) ZrCH, 32.73 CMe;

—0.85 (AA’XX’, 2 H) CH,'Bu 29.77(q,J = 128) C(CH;);
24,36 (t,J = 113) CH,CMe;
15.95(q, J = 129) (CH),CCH;

15.01 (q, J = 128) PMe;, free PMe;

2 All spectra contain normal BPh, resonances. Spectra are recorded at 23 °C unless indicated. For full 13C spectra of 3a, 8, and 9 see references
cited in the text. Jcy values are from gated '*C spectra unless indicated. ® The nitrile complex is obtained by dissolving the corresponding THF complex
in CD3CN. Therefore the number of coordinated CD3CN is not known. ¢ See text for the discussion. ¢ From the corresponding !*C-labeled complexes.

¢ Integral is total for major and minor isomer.

bridge-terminal exchange) of two large (terminal H) and
one reduced (u-H) values.

The previously unreported neohexyl complex 7a is
isolated in 70% yield from the reaction of Cp’sZr(H)-
(THF)* withtBu-ethylene, and like 3a—6a, adopts anormal
structure. Reaction of 7a with PMes (1.7 equiv) yields
the thermally sensitive PMe; complex Cp’2Zr(CH,CH.-
Bu)(PMe;)* (13, eq 4), which has been characterized by
low-temperature NMR spectroscopy. Despite the bulky
*Bu substituent, 13 adopts a 8-agostic structure in which
exchange of terminal and bridging 8-hydrogens is rapid
on the NMR time scale. Key NMR data for 13 include
(i) ahigh-field 3-CHR resonance (6 —0.85), which is upfield
of the a-CHj resonance, (ii) a large Jc -y value (J = 140
Hz), and (iii) a reduced Jc -y value (J = 111 Hz) which
is the average of one large (terminal-H) and one small
(u-H) value. Comparison of the 'H NMR spectra of 13
and Cp’sZr(CH;CHDCMe3z)(PMes)* (13-d;) reveals a
substantial, temperature-dependent isotopic perturbation
of resonance (8(ZrCH,CH3'Bu) - §(Zr(CH,CHD'Bu) = 0.43
at =90 °C, 0.25 at -30 °C, and 0.19 at 0 °C).22 Complex
13 undergoes rapid exchange with free PMe; at —20 °C
and rapid 8-H elimination at 20 °C.

Reactions of Cp’sZr(CH,CH,R)(THF)* Complexes
with CH3CN. Dissolution of 3a, 6a, or 7a in neat CH3CN
or reaction with excess CH3CN in CH;Cl; solution at —-40
or 20 °C results in immediate displacement of THF and
the formation of thermally unstable CH;CN complexes
3b,c, 6b,c, and 7b,c (eq 5). Monitoring these reactions by

R
H

M
THE +/
Cp'zZr\ _
NCCH,

-
Cp'2r, Cp'oZr(CHaCHLR)CHSCNY,* (B
P'2! \THF TCHION P2 ,CHaR)(CHACN),*  (5)

3a b ReH 3¢

4a 4b, R = CH, 4c

5a 8b, R = CH,CH, 5S¢

6a 6b, R = Ph [T

7a 7b, R = CMe, 7¢

(23) (a) Saunders, M.; Jaffe, M. H,; Vogel, P. J. Am. Chem. Soc. 1971,
93, 2558. (b) Calvert, B. R.; Shapley, J. R. J. Am. Chem. Soc. 1978, 100,
7726.

IH NMR reveals the immediate appearance of resonances
for free THF and large shifts in the Cp’ and CH;CH R
resonances consistent with ligand substitution (Table I).
In general, exchange of free and coordinated CH3CN is
rapid on the NMR time scale for these systems, and thus
the nature and number of coordinated CH;CN ligands is
not known. However, previous 'TH NMR and kinetic
studies of the reaction of CpyZr(CHgz)(THF)* with CH-
CN under similar conditions (eq 1) establish that an
equilibrium mixture of Cp;Zr(CHj3)(CH3;CN)* and Cps-
Zr(CH;3)(CH3CN);* (two isomers) is formed, with the bis-
(nitrile) adduct strongly favored. We assume that both
bis- (3¢, 6¢, 7¢) and mono(CH3CN) (8b, 6b, 7b) complexes
are possible for the higher alkyls as well, as indicated in
eq 5. This question is addressed in more detail for 3 and
7 in the following sections. The reactions of propyl and
butyl complexes 4a and 5a with CH;CN were investigated
at ambient temperature only. Under these conditions,
the presumed CH3CN complexes undergo instantaneous
8-H elimination (vide infra) and were not observed.
The CH;CN complexes 3b,c-7b,c, generated insitu from
3a-7a, decompose by $-H elimination and/or CH;CN
insertion pathways to yield azaalkenylidene complexes
(eq6). Complexes 4b,c—7h,c¢, which contain alkyl or phenyl

R

PR

N

R
CPaZHCHCH R CH,CN), SR o5 + Cp'gir\/ + =
NCCH, NCCH,
10 11 (6)
Product Ratio
3bec, R=H 84 16
4b.e, R = CHy 0 100
§b,¢, R = CHyCH, 0 100
6b.c, R = Ph [ 100
7b.c, R = CMe; 0 100

substituents on the 8-carbon, react cleanly in the presence
of excess CH;CN toyield Cp/oZr{N=C(H) (Me)}(CH;CN)*+
(11, >95% NMR yield), which was characterized previ-
ously,” and the corresponding olefins (eq 6). The most
likely pathway leading to these products is initial 8-H
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elimination tovield olefin and Cp’2Zr(H) (CH3CN),*, which
is known to undergorapid CH3CN insertion into the Zr—H
bond.72b.2¢ NMR monitoring experiments in neat CDs-
CN show that when R = CH; (4) and CH;CH; (5), the
reaction is complete within 10 min at 23 °C. The reaction
of 7 with CD4CN is much slower (75% complete in 5 h at
23 °C), The 8-H elimination leading to 11 is observed as
a minor process in the reaction of 3b,c with excess CHj-
CN. The major product in this case is Cp’2Zr{N=C(Et)-
(Me)}(CH3CN)* (10) which is derived from direct insertion
of CHsCN into the Zr—CH,CH; bond. The combined
NMR yield of 10 and 11 from the reaction of 3b,c is >95%.

Both the 8-H elimination and the CH3;CN insertion
reactions described above are inhibited by CH;CN. For
example, the reaction of phenethyl complex 6b,c with 2
equiv of CH;CN in CD,Cl; solution (which produces 11
and styrene) is complete in less than 30 min at 10 °C,
whereas reaction of 6 in neat CD;CN at the same
temperature hasat; s of ca. 35 min. Similarly, the reaction
of ethyl complex 3b,c with 4 equiv of CD3CN in CD.Cl,
solutionat 15 °C (>50% complete after 1 h) is much faster
than the analogous reaction in neat CDsCN (ca. 60%
complete after 5 h, 23 °C).

Characterization and Solution Behavior of Cp’s-
Zr(CH;CH,3)(CH;CN),.* (3b, 2 = 1; 3¢, n = 2), Disso-
lution of 3a in neat CH3CN followed by removal of solvent
as described in the Experimental Section yields the
thermally sensitive bis(nitrile) adduct 3c. The low-
temperature (-40 °C) 'H NMR spectrum of a solution of
3c in CD,Cl; containing 1.8 M CD3;CN (to inhibit con-
versionto 10 and 11) contains a resonance for free, liberated
CH,CN (2 equiv). This establishes that the isolated solid
contains 2 equiv of CH3CN and that exchange between
free and coordinated nitrile is fast on the laboratory time
scale. H NMR spectra of 3¢ in CD;Cl; containing excess
CH;CN exhibit only a single CH;CN resonance consistent
with rapid exchange on the NMR time scale. NMR data
for 3¢ (neat CD3CN) are similar to those for 3a and 8 and
are consistent with a normal ethyl structure as expected
for an 18-e” complex. Key data include (i) a low-field Hg
resonance (6 1.21) which is downfield of the H, resonance,
(ii) normal 3C parameters for C; (8 17.1, Jey = 123 Hz)
and C, (6 40.5, Jcu = 119 Hz), and (iii) a normal Jc ¢,
value (33.0 Hz, measured for 3¢-13C,).

Isolation and full characterization of the mono(CHs;-
CN) adduct 3b was precluded by its thermal instability
and poor solubility properties. However this species can
be obtained as an impure yellow solid by dissolution of 3¢
in CH,Cl; followed by removal of volatiles as described in
the Experimental Section. Low-temperature NMR data
(=40 °C, CD,Cly) for 3b are similar to those for PMe;
complex 9 and establish that the ethyl ligand is distorted
by a B-agostic interaction. Key data include: (i) a high-
field H; resonance (6 0.07) which is upfield of the H,
resonance (5 1.47), (i) a large C-H coupling constant for
C. (Jcu = 139 Hz), (iii) a high-field C; !3C NMR resonance
(6 0.29), and (iv) a reduced J¢ c, value (26.9 Hz). The
mono(nitrile complex 3b is only sparingly soluble in neat
CD,Cl; but dissolves upon addition of 3.5 M of CD;CN.

(24) (a) Direct 8-H transfers to coordinated substrates (without the
intermediacy of M—H species) have been discussed for Tiand V systems.b<
Such a process cannot be definitively ruled out here but is considered
unlikely as Cp’,Zr(CH,CH,R)(PMe;)* complexes decompose by 8-H
elimination (in the presence of excess PMe;) to the well-characterized
hydride Cp’,Zr(H)(PMey),*.% (b) Luinstra, G. A.; Teuben,J. H.J. Chem.
Soc., Chem. Commun. 1987, 849. (c) Galanta,J. M.; Bruno, J. W.; Hazin,
P. N.; Folting, K.; Huffman, J. C. Organometallics 1988, 7, 1066.
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Table II. Variation of -CH,CH; 'H NMR Parameters for 3
at Different [CD;CNj in CD,Cl,*

entry temp,°C [CD;CN],M  &(H,) (CH;)  &(Hjz) (CHj)
1 25t 19.1 0.82 1.26
2 25 0.30 1.25 0.61
3 20 3.81 0.87 1.16
4 20 3.50 0.88 1.13
5 20 1.61 0.93 1.04
6 20 0.76 1.02 0.8
7 20 0.69 1.08 0.83
8 40 5.45 0.71 115
9 40 4.00 072 1.16
10 —40 2.26 0.76 1.16
11 40 1.01 0.78 112
12 40 0.70 0.81 1.08

@ Referenced to CHDCI, residual 'H resonance. ? 3a in neat CD3;CN.

The 'H NMR spectrum of the resulting solution (40 °C)
exhibits resonances for bis(CD;CN) complex 3¢-dg and
liberated free CH;CN (1 equiv). This experiment confirms
that the isolated solid is a mono(CH3CN) adduct and that
the exchange between free and coordinated nitrile is fast
on the laboratory time scale.

To confirm the §-agostic structure of mono(CH3;CN)
adduct 3b, we briefly investigated the synthesis of more
soluble analogues containing bulky nitriles. The reaction
of 3a with Me3CCN yields the soluble, thermally sensitive
complex Cp’sZr(CH,CHj3) (MesCCN)* (12), which has been
characterized by NMR spectroscopy at —40 °C (Table I).
NMR data for 12 are very similar to data for mono(CH;-
CN) adduct 3b and PMe; complex 9 and thus confirm
that the former has a §-agostic structure.?

The 'H NMR spectra of solutions of THF adduct 3a in
CD,Cl; containing 0.7-3.5 M CD3CN (the range used in
kinetic studies; vide infra), exhibit resonances for free,
liberated THF which shift only slightly with changing
[CH;CN].26 This is consistent with complete ligand
exchange and conversion to 3b,c under these conditions,
as indicated in eq 5. However, the chemical shifts of H,
and Hg vary significantly with [CD3;CN] and temperature,
as summarized in Table II, due to the equilibrium between
bis and mono adducts 3b,c. For example, at 20 °C,
decreasing [CD3CN] from 3.5 to 0.69 M causes H to shift
upfield from & 1.16 to 0.83 and H, to shift downfield from
5 0.87 to 1.08, consistent with the expected shift in
equilibrium toward 3b. From the variation of 6(H,) and
5(Hg) with [CD3CN] at 20 °C, using the spectrum of 3a
in neat CDsCN as the reference spectrum for 3¢, and by
making asmall correction for the effect of changing solvent
composition (see Experimental Section), the nitrile dis-
sociation equilibrium constant for eq 5 can be estimated
(Keq = 0.5(3) M) and the chemical shift for the mono-
(nitrile) adduct 3b predicted (Hg 6 0.3(1); H, é 1.3(6)).#
The latter values are slightly downfield of the values
observed for 3b at —40 °C (Table I). We observed a similar

temperature dependence of the 1H NMR spectrum of
9,54.15,28

(25) Complex 12 (CD;Cl; solution) decomposes at 23 °C to a mixture
of Cp’sZr(Et)Cl and other uncharacterized Zr complexes. The observation
of a Zr{N=C(H)(R)} resonance at 6 8.5 and ethylene indicates that at
least some §-H elimination occurs. This decomposition was not inves-
tigated in detail.

(26) At -40 °C, changing [CD3CN] from 0.8 to 3.8 M shifts the THF
resonances from & 3.66 and 1.80 to 6 3.64 and 1.78.

(27) The percentage of 3 present as mono(CH;CN) adduct 3b varies
from 50% at [CH;CN] = 0.5 M to 11% at [CH,CN] = 4.0 M.

(28) Other agostic systems exhibit similar temperature-dependent
spectra. For example see the data for (dmpe)TiCl;Et in: Dawoodi, Z.;
Green, M. L. H.; Mtetwa, V. S. B.; Prout, K,; Schultz, A. J.; Williams, J.
M.; Koetzle, T. F. J. Chem. Soc., Dalton Trans. 1986, 1629.
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The !H NMR spectrum of 3b,c is much less sensitive
to [CD3CN1 at —40 °C. Decreasing [CD;CN] from 5.5 to
0.7 M shifts the Hg resonance upfield (from 6 1.15 to 1.08)
and the H, resonance downfield (from 6 0.71 to 0.81),
although H; is always downfield of H, (Table II). These
results indicate that the bis(CH3CN) adduct is more
strongly favored at low temperature, as expected on
entropic grounds.

Solution Structures of CH;CN Adducts 4b,c-7b,c.
Isolation of CH3CN adducts 4b,c-7b,c was precluded by
their rapid 8-H elimination, though some insight to the
behavior of nechexyl system 7 is provided by NMR studies.
The NMR spectra of CD3CN solutions of 7a exhibit
resonances for free THF and significant shifts in the Cp/’s-
Zr(CH,CH,'Bu)* resonances compared to 7a in CDyCl,.
The Hgresonance (6 1.26) is downfield of the H, resonance
(6 0.71), the same relative position as for 7a in CD:Cl; or
THF-ds and for 3¢, consistent with the formation of bis-
(nitrile) adduct 7¢ in which the alkyl group has a normal
structure. Addition of excess CD;CN to CD.Cl; solutions
of 7a also results in complete substitution of the THF, as
established by the presence of free THF resonances. The
H, and Hg resonances shift significantly as [CD3CN] is
varied, with the latter moving upfield of the former at low
[CD;CN].2? This is analogous to the behavior of 3 and is
consistent with the equilibrium between 7¢ and mono-
(CD3CN) adduct 7Tbineq 5. Theupfield shift of the 3-CHj,
resonance and the observation of an agostic structure for
Cp’2Zr(CH,CH;'Bu)(PMe;)™* (13) suggest that 7b also has
anagosticstructure. By analogy, the putative mono(CHj;-
CN) species 4b—6b also likely adopt 8-agostic structures.

Structural Trends in Cp’sZr(CHCH:R)(L),* Com-
plexes. By analogy to CpZr(CHj3)(CH3CN)o*, Cp/oZr-
(H)(PMey),t, and related Cp,Zr(R)(L)2* complexes,! two
isomers are possible for the bis(CH;CN) complexes 3¢-
7¢: a symmetric isomer with the (normal) alkyl ligand in
the central coordination site and an unsymmetric isomer
with the alkyl ligand in a lateral site. However, the rapid
CH3CN exchange precluded investigation of this question.
Similarly, two isomers which differ in placement of the
Zr-H-C interaction (central coordination site, “endo”
isomer; lateral site, “exo” isomer) are possible for the
B-agostic Cp’yZr(CH.CHoR)(L)* species 3b, 7b, 9, 12, and
13. The observation of only single sets of resonances in
the low-temperature (-80 °C) NMR spectra of these
complexes implies that only a single isomer is present in
each case or that isomer interconversion is rapid. One
possibility is that isomer exchange is catalyzed by excess
nitrile via formation of the bis(nitrile) adducts; this process
could occur during the generation of 3b and 12 from THF
complex 3a.

The structural difference between the §-agostic com-
plexes 3b, 9, and 12 and the normal complexes 3a and
Cp’2Zr(Et)Cl is ascribed to w-donation from the THF or
Cl- ligands in the latter, which utilizes the empty metal
orbital required for interaction with the § C—-H bond. Note
that the observation of agostic Zr~-H-C structures for the
relatively crowded complexes 9, Cp’sZr(CH,CHy'Bu)-
(PMey)* (13), and other Cp’2Zr(CH.CH:R)(PMe3)* com-
plexes suggests that steric interactions in 3a would not be
sufficient to preclude an agostic structure. A similar
structural trend was observed in cationic benzyl complexes
(CsRs)2Zr(CH.Ph)(L)* (CsRs = Cp, Cp’, EBTHI).3¢5» The

(29) NMR data of 7b,¢ in CD.,Cl, containing CD;CN: [CD,CN] = 0.68
M 4(H,) 0.95, 8(H;) 0.89; [CD;CN] = 3.18 M 4(H,)) 0.82, 6(H,) 1.13.
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benzyl ligands are normal in the THF complexes but adopt
distorted »? structures due to Zr-Ph interactions in the
CH3CN complexes.

Synthesis and Solution Properties of Azaalken-
ylidene Complexes 10and 11. Azaalkenylidene complex
10, the product of CH3CN insertion of Cp’2Zr(Et)(CH;-
CN),*, is best synthesized by the reaction of Cp’sZr-
(CH,)(THF)* with propionitrile followed by ligand ex-
change with CH3CN (eq 7). This synthesis avoids the
need to separate 10 from 11 (which is a coproduct in eq
6). Keydatafor 10 include alow-field imino !3C resonance
at § 183.5, and vc—n (1686 cm™) and ve=N (2300, 2272

cm1) IR absorbances.
Y

CHy
+ v
opd | SO o8 RN 031 -
THF NCC H,CH, NCCH,
1 10

N

The *H NMR spectrum of 10 in CD,Cl; at 25 °C contains
two sets of Zr=N=C(Et)(Me) and N=CCHj resonances
in a 3:1 ratio. This is consistent with the existence of two
isomers which contain Zr=N=C(Et)(Me) ligands lying
in the plane between the two Cp’ ligands, but which differ
by rotation about the Zr=N==C linkage. The in-plane
orientation allows Zr—N =-bonding and minimizes steric
interactions with the Cp’ ligands. Interconversion of the
two isomers in CD,Cl; is rapid above 67 °C (sealed tube
experiment!), as indicated by the collapse of the two sets
of resonances to a single set. The isomerization is also
promoted by excess CD;CN. Only a single, sharp set of
resonances is observed in the 'H NMR spectrum of 10 in
CD;CN solution. The !H NMR spectrum of 10 in CD:Cl;
solution containing 0.5 M CD3;CN exhibits a broad singlet
for the N=CCH,CHj; group at —40 °C, which sharpens as
the temperature or [CD3CN] israised. These observations
are accommodated by an isomer-exchange process in-
volving a bis(CH3CN) species (eq 8).

N /NCCH,; N? \

t . * - +
Cp'Zr = (Cps2r—N = Cp,zr

BN P22(- =<_ P2
10  NCCH; NCCH, 19  NCCH
+ CHyCN + CH,CN

)]

Complex 11 decomposes in neat CH3CN to as yet
uncharacterized products (t,/2ca. 12 h, 23 °C).3 However,
this decomposition is not significant during the kinetics
experiments described below.

Kinetics of the Reaction of 3 with CH;CN. The
relatively slow rates of reaction of 3 and 7 with CH;CN
(eq 6) permitted detailed kinetic studies. Solutions of
CD3CN adduct 3e-ds (in equilibrium with 3b-ds) in CD.-
Cl; were generated in situ in NMR tubes by addition of
CD3CN to solutions of the THF complex 3a. CD3CN is
used in these experiments to simplify the NMR spectra
and to minimize dynamic range problems which make

(30) Azomethine/nitrile complexes undergo C-C coupling processes.
(a) Guram, A. S.; Jordan, R. F.; Taylor, D. F. J. Am. Chem. Soc. 1991,
113, 1833. (b) Bercaw, J. E.; Davies, D. L.; Wolczanski, P. T. Organo-
metallics 1986, 5, 443. (c) Richeson, D. S.; Mitchell, J. F.; Theopold, K.
H. Organometallics 1989, 8, 2570.
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Figure 1. Representative first-order plots for the disap-
pearance of 3: [CD;CN]: (m) 5.45 M; (O) 4.00 M; (A) 1.82 M;
(@) 1.01 M; (0) 0.70 M.

Table III. Pseudo-First Order Rate Constants Kk, for
Reaction of Cp',Zr(CH,CH;)* (3) and
Cp'zZl'(CHzCHzCMe3)+ (7) with CD:,CN (CD;C]; Solution,
20.0(4) °C)*

entry complex [CH;CN], M 104Kk ops, 57!
) 3 0.55 3.57(7)
2 3 0.60 3.07(17)
3 3 0.70 3.16(9)
4 3 1.01 2.35(5)
5 3 1.64 1.98(2)
6° 3 1.82 1.64(3)
7 3 2.26 1.59(6)
8 3 234 1.56(15)
9 3 3.26 1.13(3)
10 3 4.00 0.949(23)
11 3 5.45 0.808(8)
12 7 1.04 5.21(33)
13 7 1.24 4.53(9)
14 7 2.83 2.41 (3)
15 7 3.57 211 (7)
16 7 3.76 2.07 (8)

@ Solutions of 3b,c and 7b,c generated from corresponding THF
complexes 3a and 7a. © 3c was used as the starting material; i.e. no THF
is present.

accurate integration difficult. As discussed above, dis-
placement of THF is complete under these conditions.

Thermolyses were carried out at 20.0(4) °C over a range
of [CD3CN] from 0.6 to 5.6 M and monitored by 'H NMR
spectroscopy. Ateach CD3;CN concentration, thereaction
is pseudo first order in [Zr] as determined by the
disappearance of the starting material (C;H/CH3 or
ZrCH,CHj; resonance). Representative first-order plots
areshown in Figure 1 and pseudo-first-order rate constants
summarized in Table IIl. Essentiallyidentical results were
obtained by monitoring the appearance of product (the
CsH,CH; resonances of 10-dg and 11-dg are coincident).
The ratio of CD;CN insertion product 10-dg to 8-H
elimination product 11-dg (5.3(5)) is independent of [CD3-
CN] and is constant during the course of each reaction.

The data in Table III confirm that the reaction of 3 is
significantly inhibited by added CD;CN. A 10-fold
increase in [CD3CN] from 0.55 M (entry 1) to 545 M
(entry 11) results in a ca. 77% decrease of kope. A plot of
1/kobs v8 [CD3CN] is linear (Figure 2).

Inacontrol experiment designed to verify that the THF
liberated by the in situ generation of 8b,c does not influence
the subsequent chemistry, a THF-free solution of 3¢ in
CDyCl; containing 1.8 M CD;CN was generated as
described in the Experimental Section. Thermolysis of
thissampleyielded 10 and 11 in the same ratio as observed
in the presence of THF, and the &, determined by 'H

Alelyunas et al.
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Figure 2. Plot of 1/k., vs [CD3;CN] for 3. Error bars
represent 10% error in 1/ky,.

NMR monitoring is close to the value predicted by
interpolation of the data in Table III and Figure 2.

Irreversibility of CH,CN Insertion and 8-H Elim-
ination of 3. There is no evidence for the formation of
Cp/2Zr{N=C(CD3)2}(CD3CN)* or free EtCNin the reaction
of 3 with CD3CN. As both 3b,c and azaalkenylidene
product 10 undergo rapid nitrile exchange, this observation
implies that CDsCN insertion into the Zr—Et bond is
irreversible.3!

Careful 'H NMR monitoring of the reaction of Cp’z-
Zr(CH;CH,D)(CH3CN),* (3b,c-d;, generated in situ from
3a-d;) with CD3CN under standard conditions (20°C, CD,-
Cl; containing either high (4.3 M) or low (0.73 M) [CD;-
CN]) reveals that, within experimental error, no deuterium
incorporation into the a-CHj; position of unreacted 3b,c
or the N=CCH,; position of the insertion product Cp’>-
Zr{N==C(CH,CH:D)(CD3)}{(CD3CN)* (10-d+) occurs.’?
These results imply that (i) the 8-H elimination step is
irreversible (i.e. trapping of the Zr(H)(olefin) species by
CH;CNinsertion is faster than the reverse olefin insertion
into Zr—H) or (ii) rotation of coordinated ethylene in the
putative ethylene hydride species immediately resulting
from 8-H transfer is slow (eq 9).33 An intramolecular
isotope effect ky/kp = 2.0(1) for the 8-H elimination is
calculated from the ratio of ethylene products CH;~CH,/
CHy=CHD of the reaction of 3-d; with CD;CN.

H
. P
S H H N
+/ +7 CH,CN + 7
Cp'o2r —— CppZr— " — Cp'odr )
~ ” ==
NCCH, 7 NCCH, 11 NCCHy

(31) (a) This assumes that the Me and Et groups of Zr{N=C(Me)(Et)}
species would migrate back to Zr at similar rates in nitrile deinsertion
reactions. (b) Stereoselective, reversible alkyl migration to and from the
inner or outer azaalkenylidene sites of Zr{N=C(R)(R")}(NCR)* species
is conceivable. However, this is not likely to mask reversible Et migration
of 3b,c as the two isomers of insertion product 10 interconvert rapidly
under the reaction conditions.

(32) Integral ratio 8-CH;D/a-CH; = 1.04(5) in unreacted 3b,¢; 1.17 (8)
in product 10-d-.

(33) Little is known about olefin rotation barriers in d° systems as such
systems are unknown. Olefin rotation barriers in d2 Cp,M(R)(olefin) or
Cpe:M(olefin)(L) species are high for electronicreasons. (a) Guggenberger,
L. J.; Meakin, P.; Tebbe, F. N. J. Am. Chem. Soc. 1974, 96, 5420. (b)
Green, M. L. H.; Mahtab, R. J. Chem. Soc., Dalton Trans. 1979, 262. (c)
Benfield, F. W. S.; Cooper, N. J.; Green, M. L. H. J. Organomet. Chem.
1974, 76, 49. (d) Alt, H. G.; Denner, C. E.; Thewalt, U.; Rausch, M. D.
J. Organomet. Chem. 1988, 356, C83. (e) Doherty, N. M.; Bercaw, J. E.
J. Am. Chem. Soc. 1985, 107, 2670.
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Figure 3. Plot of 1/k.,, vs [CD3sCN] for 7. Error bars
represent 10% error in 1/k.ps.
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Kinetics of the Reaction of 7 with CH;CN. The
kinetics of the reaction of nechexyl system 7 with CH;CN
were studied using the procedures described above for 3.
Solutions of CD;CN complex 7h,e—ds,dg in CD,Cl; con-
taining varying [CD3CN] (1.0-3.8 M) were generated by
reaction of 7a with excess CD;CN, thermolyzed at 20.0
0.4 °C, and the disappearance of 7b,c-d3,ds was monitored
by 'H NMR (ZrCH,CH,'Bu resonance). As for 3, the
reaction is pseudo first order in [Zr]; values for k derived
from plots of In [Zr] vs time are listed in Table III. This
reaction is also inhibited by CD;CN. Increasing [CD3-
CN1 from 1.04 M (entry 12) to 3.76 M (entry 16) results
in a 60% decrease of k,ps. As for 3, the plot of 1/k,ps of
7 vs [CD;CN] is linear (Figure 3).

Mechanism for Reactions of 3 and 7 with CD;CN.
The key experimental findings relevant to the mechanism
of thereaction of ethyl system 3 with CD3CN are as follows:
(i) The bis(CD;CN) complex 3¢ is in equilibrium with the
agostic mono(CD;CN) adduct 3b in CD.Cl; solution.
Exchange of coordinated and free CD;CN and exchange
of 3¢ and 3b are rapid on the NMR time scale. (ii) The
reaction is inhibited by added CD3;CN. (iii) The product
ratio 10/11 is independent of {CD3CN] and is constant
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Table IV. Insertion and S-Elimination Rate Constants and
CDCN Dissociation Equilibrium Constants for 3 and 7
Derived from Kinetic Analysis (20.0(4) °C)

code Kinserty 57 kﬁ-elima s Keq' M
3b 4.38(9) x 104 8.20(13) X 10°% 0.92(13)
7b 9.4(1) X 104 1.08(15)

during the reaction. (iv) The insertion pathway leading
to 10 and the 8-H elimination pathway leading to 11 appear
to be irreversible.

These observations are accommodated by the gener-
alized mechanism in Scheme I. In this scheme, the bis-
(CD3CN) complex A (symmetric) and B (unsymmetric)
are in equilibrium with mono(CD3CN) adduct C, which
has a §-agostic structure. Complex C undergoes rate-
limiting CD4CN insertion to form 3-coordinate azaalken-
ylidene species D or B-elimination to form hydride E.
Intermediate D is rapidly trapped by CD3CN coordination
(yielding 10), and E is rapidly trapped by insertion and
CD3CN coordination (yielding 11).

The rate law for Scheme I under preequilibrium
conditions is given by eqs 10-13. The preequilibrium
approximation is based on the observed rapid (NMR time
scale) exchange between A-C. Consistent with eq 13, the

- Keq(kinsert + k‘ﬂ-elim)r -
rate = Keq + [CD,CN] [Zr] =k, [Zr] (10)
where [Zr] = [A] + [B] + [C] an
x -_KiK: _BBICDONI [BICDCLNI
“ K, +K, (3c] [A] + [C]
1 1 ) 1
= CD.,CN] +
kObS Keq(kinsert + kﬁ-elim)l 3 : kinsel't + kﬁ-elim
(13)
Rinsert _ 10
kB-elim - H (14)

plot of 1/kus v8 [CD3CN] for 3 is linear (Figure 2). From
this plot and the observed product ratio 10/11 (eq 14),
values for the composite nitrile dissociation equilibrium
constant K, (eq 12), and the rate constants Rinerx and
ks.clim may be derived (Table IV). The K., value deter-
mined in this way (0.92(13) M) is close to the value
estimated from the variation of the NMR spectrum of 3
with [CD3CN] (0.5(2) M). Thediscrepancy in these values
may in part be due to solvent polarity effects.3

The rate law for Scheme I also applies to the reaction
of 7 with CD3CN, although in this case ks jim is very small,

(34) (a) The polarity of CH:Cl,/CH;CN mixed solvents increases as
[CH3CN]israised. Asmallrateinhibitionbyadded CH;CN was observed
in the insertion reactions of (CsH,R);Zr(CH3)(CH;CN),.* complexes (R
= H, CHj3;, eq 1) and was traced to a solvent effect.? In the present study,
the changes in k,,, are larger than those observed for the Me systems, For
example, over the range [CH3CN] = 4-0.7 M, k.., for disappearance of
3increases by a factor of 3.3, while k1, for Cp’2Zr(CH3)(CH,CN),.* insertion
increases only by a factor of 1.3. For 3, a plot of In &, v8 ET(30) (a solvent
polarity parameter)3¢® shows distinct curvature while a similar plot for
Cp’2Zr(CH3)(CH;CN),.+ was linear. Furthermore, the K., values for 3
derived from the NMR experiments and the kinetics analysis are in good
agreement; this was not the case for Cp’Zr(CH)(CH,CN),*. On the
basis of these considerations we have not explicitly accounted for solvent
polarity effects in the present work. (b) Reichardt, C. Solventsand Solvent
Effectsin Organic Chemistry; VCH: Weinheim, Germany, 1988; Chapter
7 (see also references therein).
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as no 11 is detected in the product mixture, and the
equilibrium between the bis- and mono(CD3sCN) adducts
and the structures of these species are less well-defined.
The plot of 1/kops vs [CD3CN] for 7 is linear (Figure 3) and
provides values for K., and kg.ejim Which are listed in Table
IV. SchemeIalsoprovides an explanation for the observed
inhibition of the 8-H elimination reactions of 4b,c—6b,c
by added CH3;CN, though detailed studies of these
reactions were not performed.

Structure/Reactivity Trends in Reactions of Cp’»-
Zr(R)(CH3CN),* Complexes. The observation of
CDsCN insertion of the mono adduct 3b, rather than
bis(CD;CN) adduct 3e, contrasts with the analogous
methyl system in which the bis adduct Cp’:Zr(CHj)-
(CH3CN);* inserts (eq 1).? The ethyl migration in 3b (Rinsert
= 4,38(9) X 10~*s71; 20.0(4) °C) is significantly faster than
the methyl migration in Cp’sZr(CH3)(CH3;CN)o* (Rinsert
ca.8 X 10-5s71; 30.2(4) °C).%342 This may reflect the higher
metal electrophilicity in the former species, which activates
the coordinated CH3CN for nucleophilic migration of the
alkyl ligand. While both species are formally 18-electron
species, the second CH3;CN ligand of Cp’;Zr(CHj)-
(CH3CN),* is likely a stronger electron donor than the
Zr-H-C interaction in 3b.

Ethyl complex 3b undergoes CD;CN insertion at least
10X faster than nechexyl complex 7b.35 The origin of this
difference is unknown at present. A slower ethylene
insertion rate was observed for Cp*;Sc(Et) vs Cp*:Sc(Pr)
and was ascribed to ground-state stabilization of the former
due to a B-agostic interaction.’® However, it is likely that
both 3b and 7b adopt agostic structures. One intriguing
possiblity is that the insertion and 8-H elimination rates
are influenced by the structure of the reactive mono-
(CD3CN) adducts. Inthe the exoisomer shown in Scheme
I, the Zr-C bond is cis to the coordinated CH3CN and
direct CH3CN insertion is possible. However, the endo
isomer (with the agostic interaction occupying the central
site) must undergo isomerization or cleavage of the agostic
interaction to achieve the cis orientation of the Zr-C bond
and the CH;CN which is presumed to be required for
insertion. The B-agostic ethyl complex Cp’sZr-
(CH;CHj3)(PMe3)™* (9) adopts the exostructure in the solid
state.>® However Bullock has found that the g-agostic
dimetalloethane compound Cp:Zr{CH,CH;RuCp-
(PMe;)3}Cl, which contains a large substituent on the
zirconium B-C, adopts the endo structure in the solid
state.’” Thus, it is possible that endo structures, in which
stericinteractions between the 8-substituents and the Cp’
rings are minimized, are preferred for 4-7 and that
insertion is thus disfavored. We noted previously that
(CsR5)2Zr (n2-CHPh) (CH3CN)* complexes, which adopt
- endo structures with Zr-Ph interactions occupying the
central coordination site, are resistant to CHisCN in-
sertion.3b5¢9 We are currently exploring other, more stable
(CsRs5)2Zr(CH,CH,R)(L)* complexes in order to probe the
endo/exo isomerism in more detail.

The observation of 8-H elimination of 3b rather than
3c is of course reasonable as the latter lacks a vacant low-

(35) (a) From the lack of Cp’,Zr{N=C(CD;)(CH,CH,'Bu)}(CD;CN)*
observed in the product mixture (ca. 5% NMR detection limit) and the
value for k. derived from the kinetic analysis (9.4(1) X 104 s°!), a
limiting value for Rnser for 7b can be estimated (Ringery < 4.7 X 1075). (b)
Theinsertion rates for the other alkyls could not be measured or estimated
due to the rapid 8-H elimination in these cases.

(36) Burger, B. J.; Thompson, M. E.; Cotter, W. D.; Bercaw, J. E. J.
Am. Chem. Soc. 1990, 112, 1566.

(37) Bullock, R. M.; Lemke, F. R.; Szalda, D. J. J. Am. Chem. Soc.
1990, 112, 3244.
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lying Zr orbital for H migration. Assumingthat K.qvalues
for 4-6 are similar to those for 3 and 7, the qualitative
order for the rate of §-H elimination is 4-6 > 7 > 3. The
acceleration of 8-H elimination by 8-alkyl substituents is
consistent with Bercaw’s studies of Cp*:ScR systems and
general observations that chain transfer by 8-H elimination
is generally faster in propene polymerizations than in
ethylene polymerizations.® One reasonable explanation,
proposed by Bercaw, is that G-alkyl/aryl substituents
stabilize the developing positive charge on the 8 carbon
in the H- migration transition state. In particular, the
B-H elimination order for Cp*:ScCH2CH2(p-CsH4X) com-
plexes (X = NMe; > CH; > CF;) supports this interpre-
tation. Additionally, ground-state stabilization of Cp*-
Sc(Et) by an agostic interaction may inhibit 8-H elimi-
nation relative to the higher analogues which adopt normal
structures.

Experimental Section

All manipulations were performed under an inert atmosphere
or under vacuum using a Vacuum Atmospheres drybox or a high-
vacuum line. Solvents were purified by initial distillation from
an appropriate drying/deoxygenating agent,® stored in evacuated
bulbs, and added to reaction vessels or NMR tubes by vacuum
transfer. NMR tubes were attached to the high-vacuum line via
needle-valved adaptors. NMR spectra were obtained on Bruker
AC-300, WM-360, or AMX-360 instruments. IR spectra (KBr)
were recorded on a Mattson Cygnus 25 instrument. Thermolyses
were carried out usinga VWR (Model 90T) constant-temperature
bath. Elemental analyses were performed by Analytische Lab-
oratorien. The following compounds were prepared as described
earlier: [Cp’;Zr(CH;)(THF)1{BPh,] (1),® [Cp’2Zr-
(CH,CH,R}(THF)][BPh,] (R = H (3a), Me (4a), Et (5a), and Ph
(6a)), [Cp’2Zr(H)(THF)][BPh,], and [Cp’Zr{N=C(CH,)-
(H)}(CH;CN)1[BPh] (11).™® 3a-13C, was prepared by reaction
of Cp’,Zr(H)(THF)* with 1*CH,='3CH; and used for the prep-
aration of other *C-labeled ethyl complexes.

[Cp’:Zr(CH;CH;)(CH,CN).)[BPh,] (3¢). Toa5-mm NMR
tube containing 18 mg of 3a was added 0.5 mL of CH,CN at -78
°C via vacuum transfer. The cold bath was removed, the tube
was warmed to room temperature for ca. 30 s, and the solid
dissolved. Volatiles were removed immediately at room tem-
perature. The process was repeated once more to ensure complete
removal of THF. CD,Cl, was added at -78 °C via vacuum
transfer. Again the solution was warmed to room temperature
for ca. 10 s and all the solid dissolved. Volatiles were removed,
and the solid was dried under high vacuum at 23 °C for 10 min
to give a yellow foam. CD,Cl, and excess CD;CN were added at
-196 °C via vacuum transfer, and the 'H NMR of the sample was
obtained at -40 °C.

[Cp’2Zr(CH.CH,)(CH,;CN)][BPh,] (3b). Toa5-mm NMR
tube containing 20 mg of 3a was added 0.5 mL of CH;CN at -78
°Cviavacuum transfer. The needle valve was opened to vacuum
when the cold bath was removed, and the volatiles were rapidly
removed, producing a pale yellow solid. This process was repeated
to ensure complete removal of THF. CD,Cl; was added at -78
°C. Again the needle valve was opened to the vacuum when the
cold bath was removed and the volatiles were rapidly removed
under vacuum. The resulting pale yellow solid was dried at room
temperature for 30 min. CD,Cl; was added at =78 °C, and the
NMR spectra obtained at -40 °C. The solid is only sparingly
soluble in CD,Cl;. Addition of excess CH;CN to 3b yields 3c.

[Cp'»Zr(CH,CH;){(CH,);,CCN}][BPhL,] (12). Methylene chlo-
ride (0.5 mL) was added by vacuum transfer at -78 °C to a 5-mm
NMR tube containing 3a (10 mg) and tert-butylnitrile (1.6 uL,
1 equiv). The tube was warmed to 0 °C, and the volatiles were
removed under vacuum, producing an orange oil. The addition

(38) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of
Laboratory Chemicals, 2nd ed.; Pergamon Press: New York, 1980.
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and removal of CH,Cl, was repeated twice. The resulting oil was
dried at 0 °C for 30 min, and CD,Cl, (0.4 mL) was added via
vacuum transfer at =78 °C. The tube was maintained at -78 °C
prior to NMR analysis at 40 °C which revealed the presence of
12 and a trace amount of 3a. Extensive decomposition occurred
upon warming to 23 °C,

[Cy’2Zr(CH,CH,CMe;)(THF)][BPh,] (7a). A solution of
[Cp’sZr(H)(THF)1(BPh,] in THF, prepared by hydrogenolysis
of 1 (1.01 g, 1.54 mmol), was degassed and charged with tert-
butylethylene (300 Torr). The solution was stirred at 23 °C for
3 h and then degassed. The solution volume was reduced to 5
mL, and a yellow solid precipitated. This material was collected
by filtration and washed with cold THF to yield 376 mg of 7 as
a yellow solid. Addition of hexane to the filtrate produced an
additional 523 mg of 7, for an overall yield of 70%. The isolated
material contained 0.17 equiv of excess THF, as determined by
H NMR. Anal. Calcd for C4Hss0BZr-0.17THF: C, 74.84; H,
7.51; Zr, 12.36. Found: C, 74.42; H, 7.05; Zr, 12.25. [Cp’2Zr-
(CH;CHDCMe;) (THF)]1[BPh,] (7a-d,) was prepared in the same
manner as 7a, but D, was substituted for H,. 2H NMR (THF-
ds): & 1.46.

[Cp’:Zr(CH,CH,CMe;)(PMe;)][BPh,] (13). Complex 13
was generated in situ by addition of PMe; (1.7 equiv; measured
by calibrated gas bulb) via vacuum transfer at—-196 °C to a solution
of 7a (10 mg) in 0.5 mL of CD,Cl; in an NMR tube. The tube
was maintained at -78 °C, and NMR spectra (Table I) were
obtained at =20 °C. The tube was warmed to 20 °C in the NMR
probe. TH NMR analysis revealed extensive decomposition to
endo-Cp’2Zr(H)(PMes).*,% tBu-ethylene, and several minor un-
identified Cp’Zr products.

Isotopic Perturbation of Resonance for 13. A slurry of 7a
(10 mg) and 7a-d; (12 mg) in 0.4 mL of PMe; was prepared at
-78°C and warmed to 23 °C for 2min. Thevolatiles wereremoved
under vacuum. CD.Cl; (0.5 mL) and a trace of PMe; were added
at —78 °C, and the tube was warmed to 23 °C for ca. 2 min to
promote the dissolution of the solid. The volatiles were removed,
and the resulting solid was dried under vacuum at 23 °C for 10
min. CD,Cl; was added at -78 °C and the tube flame sealed. 'H
NMR spectra were obtained at -90, -60, ~30, and 0 °C. Data are
summarized in the text.

[Cp’2Zr{N=C(CH;)(CH.CH;)}(CH;CN)}[BPh,] (10). Pro-
pionitrile (0.70 mL, 9.8 mmol) was added via vacuum transfer at
-78 °C to a solution of 1 (1.00 g, 1.52 mmol) in THF (30 mL).
The resulting light orange solution was stirred at 23 °C for 45
h during which time the solution turned bright orange. The
reaction mixture was filtered and the filtrate evaporated to
dryness under vacuum to yield [Cp’;Zr{N=C(Me)-
(Et)}(CH;CH,CN)1[BPh,] as an orange brown solid. The solid
was dissolved in CH;CN, and the volatiles were removed under
vacuum. This process was repeated three times. Finally, 20 mL
of CH;CN was added at -78 °C. The solution was warmed to
room temperature and concentrated to 5 mL, and a cream-colored
solid precipitated. The solid was collected by filtration, washed
twice with cold CH;CN, and dried under vacuum overnight (yield
325 mg of 10). Addition of Et,0 (20 mL) to the filtrate produced
another 357 mg of 10, for a total yield of 66%. Anal. Calcd for
CyHsNoBZr: C, 74.20; H, 6.67; N, 4.12; Zr, 13.42. Found: C,
74.07;H,6.59; N, 4.03; Zr, 13.60. IR: (KBr) vc=x 1690 cm™!, yc=n
2300, 2272 cm™!; (Nujol) vc—n 1686 cm™, vc=q 2297, 2267 cm™L.

Kinetics. A sample of 3a (0.015-0.027 mmol) or 7a (0.014-
0.022 mmol) was loaded into a 5-mm NMR tube equipped with
a valved adapter. The tube was attached to a high-vacuum line
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and evacuated. A calibrated gas bulb was charged with CD;CN
ata known pressure (60-75 mmHg, measured by Hg manometry).
The CD;CN was transferred to the NMR tube under vacuum at
-196 °C. CD,Cl; (ca. 0.4 mL) was added via vacuum transfer at
-196 °C, and the tube was flame sealed and kept at 78 °C until
thermolysis. Thermolyses were carried out at 20.0 + 0.4 °C in
aconstant-temperature bath. For each measurement, the sample
was removed from the bath and the reaction quenched by rapid
insertion of the tube into a -78 °C bath. A 'H NMR spectrum
was recorded at —40 °C. Control experiments established that
no reaction occurs at this temperature. After the spectrum was
recorded, the sample was removed rapidly from the probe and
inserted into the —78 °C bath, and then into the constant-
temperature bath at 20 °C where thermolysis was resumed. In
this manner, thermolyses were followed for 2-4 half-lives. In
each case, the plot of In [reactant] vs time was linear with slope
=-k,s Aftereachreaction,thetube wasopened and thesolution
volume measured by syringe. The concentration of CD;CN was
calculated by assuming ideal gas behavior of CD3CN. Control
experiments described in the preceding paper establish the
accuracy of this procedure for determining [CD;CN].° Kinetics
results are summarized in Tables III and IV, and data analysis
is described in the text.

In a control experiment to test the effect of THF on the rate
of the thermolysis, 3c was generated in situ in the absence of
THF. A 5-mm NMR tube was charged with a known quantity
of 3a and evacuated on the vacuum line. CH;CN was added at
=78 °C and the solvent warmed slightly until the solid dissolved.
The solvent was removed under vacuum to give a brown oil. The
process was repeated to ensure a complete removal of THF.
CD,Cl; was added at -78 °C and the tube warmed slightly until
all the solid dissolved. Volatiles were again removed under
vacuum to ensure complete removal of excess CH;CN, yielding
ayellowsolid. Finally, CD;CN and CD,Cl; were added, the tube
was sealed, and the thermolysis was monitored as described above.

Estimation of K., by NMR Spectroscopy. The K, value
for CD3CN dissociation of 3¢ at 20 °C was determined from the
variation of the 8-CH; 'H NMR chemical shift as a function of
[CDsCN]. K., is related to & by the equation dous = Omeno +
[CD3CN](8bis — Sobs)/Keq, Where 8qps = observed chemical shift,
Smono = chemical shift of the mono(CD3;CN) adduct 3b, and 6y,
= chemical shift of the bis(CD;CN) adduct 3¢.*® Solutions of
3a in CD,Cl, containing different [CD;CN] were prepared as
described in the kinetics section and their 'H NMR spectra were
recorded at 20 °C. The chemical shifts of the BPhy~ and free
THF resonances change slightly (+0.05 6) as [CD;CN] is varied
from 0.69 M to neat CD;CN. The chemical shift values for 3
were corrected for this change and are listed in Table II. From
a plot of dobs V8 (8bis — Sobe) [CD3CN1] using corrected 8-CH dobs
values and 6y, = 0.82 (the chemical shift value in neat CD;CN
after correction), K. = 0.5(3) M and éyon0 = 0.3(1).
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