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ABSTRACT: The 2,3-dimethylbutadiene complexes of
Group 4 metals with constrained geometry (cg) ligands
have been prepared and found to adopt a supine orientation
with σ2,π bonding. Treatment of cgTi(2,3-dimethylbutadiene)
(1-Ti) with tBuNC leads to the formation of a titana-aziridine
(3) with a coordinated cyclopentenimine that arises from the
formal [4+1] addition of the diene to the isonitrile. In con-
trast, the reactions of cgZr(2,3-dimethylbutadiene) (1-Zr) or
cgHf(2,3-dimethylbutadiene) (1-Hf) with 2 equiv of tBuNC
or XyNC proceeded in a more sophisticated manner to yield
unsymmetrical 2,5-diazametallacyclopentane derivatives (4, 6-Zr,
and 6-Hf) or symmetrical 2,5-diazametallacyclopentene com-
plexes (7-Zr and 7-Hf). The unsymmetrical products contain coordinated cyclopropanes; the strength of the interaction is
measured by the reduction in the 1JCC of the C−C bond that is coordinated. A detailed mechanistic analysis has been possible
with the related cgM(Me)2 (M = Ti and Hf) complexes. The first insertion is too fast to monitor, but allows complete
conversion to an alkyl iminoacyl intermediate. The second isonitrile (RNC) may react with that intermediate by either of two
different mechanisms, reductive elimination and coordination/insertion. In the first mechanism (Ti), rate-determining C−C
coupling gives a titana-aziridine, followed by fast coordination of the isonitrile. In the second mechanism (Hf), coordination is
the slow step; insertion to form a bis(iminoacyl) Hf complex is rapid.

■ INTRODUCTION

Reactions such as the [4+1] addition of SO2 to dienes
1 and the

[2+2+1] addition of CO to enynes2 are familiar and useful
approaches to the construction of five-membered rings. The
stoichiometric [4+1] cycloaddition of CO to dienes was accom-
plished by Corey and co-workers in 1972,3 there have been
reports of the carbonylation of iron diene complexes,4 and a
diallene has been carbonylated catalytically.5 However, the
catalytic synthesis of a cyclopentenone from CO and a diene
(eq 1) remains a challenge.6

Isonitriles, isoeletronic with CO, are attractive replacements
for it in cycloaddition reactions. Spartan calculations show that
eq 2 is considerably more downhill thermodynamically than
eq 1.7 Isonitriles are easier to handle in the laboratory than CO,

and their steric and electronic properties are readily tuned by
variation of the substituent. Both the stoichiometric8 and the
catalytic9 cycloadditions of RNC to α,β-unsaturated car-
bonyl compounds, as well as the Ni-promoted10 and Ti-catalyzed11

[2+2+1] cyclizations of RNC to enynes, are known.
The obvious diene complexes to examine in this connection

are those of Group 4 elements. Their bonding is best described
by σ2,π resonance structures,12 which should permit facile
insertions of RNC and perhaps catalyze eq 2 by the sequence
in eq 3.

Two classes of Group 4 diene complexes, Cp*(Cl)M(diene)
(M = Ti and Hf) and Cp*2Zr(diene), are well known, and the
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reactions of both with isonitriles have been examined.13 The
RNC reactions of Cp*(Cl)M(diene) are complex,14 probably
because their coordinative unsaturation encourages multi-
ple insertions; the Cp*2Zr(diene) complexes are not only
difficult to prepare but relatively slow to react with isonitriles,
probably because their coordinative saturation discourages
insertion.
Although the insertion of isonitriles into M−C bonds has

been used as a tool for construction of new C−C bonds,15−17

there has been little mechanistic study of such insertions. Their
rates have often been too fast for convenient study. In one case
(M−CH3 with a calix[4]arene ligand16m,18) calculations have
implied that the rate-determining step is the coordination of the
RNC.
We have therefore examined the preparation and insertion

reactions of the diene and dimethyl complexes of the con-
strained geometry (cg) ligand (η5-C5Me4)Me2Si(η

1-NtBu)19

(Scheme 1). Constrained geometry complexes of Group 4
metals20 have been widely studied as catalysts for olefin poly-
merization20b,21although the reasons for their catalytic
activity are not entirely clear.22 They are not only promising
catalysts for [4+1] cycloadditions but are ideal for the study of
the mechanisms of RNC insertion.16m,18

Several cgTi diene complexes, including that of 2,3-dimethyl-
butadiene (DMB), were reported by Devore, Marks, and
co-workers in 1995.23 A series of cgTi and cgZr diene complexes
were prepared by Erker and co-workers from magnesium dienes
in 2000,24 while Petersen and co-workers synthesized additional
cgTi and cgZr diene complexes.25 We have examined the RNC
chemistry of the DMB complexes of cgTi, cgZr, and cgHf, and of
the dimethyl complexes of cgTi and cgHf.16l,26 We have studied
the kinetics and mechanism of RNC insertion into the M−C
bonds of cgTi(Me)2 and cgHf(Me)2.

■ RESULTS AND DISCUSSION
1. CgM(DMB) Complexes and Their Reactions with

Isonitriles. 1.1. Synthesis of cgM(2,3-dimethylbutadiene)]
Complexes (M = Ti, Zr and Hf). As Devore and Marks had
reported, the reaction of cgTiCl2 with 2 equiv of nBuLi in the
presence of excess DMB gave the deeply colored solid
cgTi(DMB) (1-Ti, eq 4). Recrystallization from pentane at
−30 °C gave pure 1-Ti in a yield of 45%.

The analogous Zr and Hf compounds were prepared by a
method like that reported by Erker for other diene complexes of
Zr: treatment of the dichlorides cgZrCl2 and cgHfCl2 with the
magnesium-diene reagent (Mg-DMB)n. Red crystalline cgZr-
(DMB) (1-Zr, eq 4) and yellow crystalline cgHf(DMB) (1-Hf,
eq 4) were obtained in yields of 65% and 67%, respectively.

Structure of, and Bonding in, the Ti DMB Complex 1-Ti. A
single-crystal X-ray diffraction (SC-XRD) structure (Figure 1)
shows a “supine” orientation for the DMB in 1-Ti.27 The
internal C−C bond is 0.087 Å shorter than the terminal C−C
bonds (see Table 1), showing that the DMB is best described as
a metallacycle; this conclusion is supported by the large differ-
ence between the Ti−Cinternal and the Ti−Cterminal distances (also
in Table 1), around 0.301 Å.28 As expected from earlier obser-
vations by Erker and by Nakamura the internal double bond of
the metallacycle is weakly coordinated, giving 1-Ti σ2,π char-
acter. (All of the possible combinations of “supine/prone” and
σ2,π/π2 are drawn above Table 1.)
Devore and co-workers reported23b two 1H NMR signals for

the protons (Hanti and Hsyn) on the terminal carbons of
cgTi(DMB) (1-Ti): a broad one at δ 1.70 and a broad doublet at
δ 2.06. At room temperature we observe the second (δ 2.06)
signal but not the first; we do see another averaged peak, a broad
signal at δ 1.25 which sharpens at +60 °Csurely the other set
of H’s on the terminal carbons. We do find (1H-coupled 13C
NMR) identical 1JCH values, 142 Hz, for both of these H’sa
value in between the ones expected for the metallacycle (σ2,π)
and diene (π2) descriptions.

Structure of, and Bonding in, the Zr and Hf DMB Complexes
1-Zr and 1-Hf. We obtained X-ray-quality crystals for cgZr-
(DMB) (1-Zr) and cgHf(DMB) (1-Hf) by recrystallization
from cold hexanes. The resulting SC-XRD structures show that,

Scheme 1. Known RNC Insertion Chemistry of Group 4 Diene Complexes and cg Complexes To Be Studied
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like the Ti complex, the Zr and Hf complexes adopt a supine
orientation for their diene ligands. The difference between the
metal−terminal carbon distance and the metal−internal carbon
distance (ΔMC in Table 1) is 0.256 and 0.312 Å for 1-Zr and
1-Hf, respectively, indicating that in the solid state both 1-Zr
and 1-Hf adopt metallacycle (σ2,π) resonance structures; the
positive values of ΔCC confirm this conclusion.29 The solution
1H NMR is again not structurally definitive. For the Zr-diene
complex 1-Zr, the H’s on the terminal carbon (Hanti and Hsyn)
appear as doublets at δ 2.54 and δ−0.48, with 1JCH values of 129
and 149 Hz. For the Hf-diene complex 1-Hf, the Hanti and Hsyn

signals are two broad features at δ 1.86 and δ 0.06, with 1JCH =
134 and 138 Hz, respectively.
1.2. Isonitriles Insertion into cgM(DMB) Complexes. Insertion

of Isonitriles into cgTi(DMB) 1-Ti. The reaction of 1-Ti with
>2 equiv of tert-butyl isonitrile tBuNC (eq 5) led to rapid forma-
tion of a species with two isonitrile tBu signals in the 1H NMR,
along with two AB spin systems with the same 2JHH of 17 Hz.

13C
NMR confirmed two methylene carbons, δ 49.8 and 56.6, with

the same 1JCH of 125 Hz for all H’s.
13C also showed the absence

of an iminoacyl carbon, the presence of a coordinated tBuNC
(at δ 173.2), and a η2-coordinated imine carbon (at δ 74.6). We
speculated that the product might be a titana-aziridine with an

Figure 1. Structures of cgTi(DMB) (1-Ti), cgZr(DMB) (1-Zr), and cgHf(DMB) (1-Hf). Selected interatomic distances (Å) and angles (deg): a)
Ti1−N1 2.022(2), Ti1−C1 2.149(2), Ti1···C2 2.450(2), C1−C2 1.454(3), C2−C2′ 1.367(5); b) Zr1−N1 2.138(3), Zr1−C1 2.263(3), Zr1···C2
2.523(3), Zr1···C3 2.541(3), Zr1−C4 2.290(3), C1−C2 1.459(4), C2−C3 1.384(4), C3−C4 1.463(4); c) Hf1−N1 2.121(5), Hf1−C1 2.221(5),
Hf1···C2 2.539(5), Hf1···C3 2.557(5), Hf1−C4 2.252(5), C1−C2 1.480(7), C2−C3 1.374(7), C3−C4 1.475(7).

Table 1. Comparison of Structural Features of cgM(DMB) 1-Ti, 1-Zr, and 1-Hf

δ (ppm)

compd M Hsyn Hanti
2JHH (Hz) 1JCH (Hz) M−N (Å) ΔMCa (Å) ΔCCa (Å) orientation

1-Ti Ti 2.06 (d) 1.25 (br) 8.5 142 2.022(2) 0.301 0.087 supine
1-Zr Zr 2.54 (d) −0.48 (d) 10 129; 149 2.138(2) 0.256 0.077 supine
1-Hf Hf 1.86 (br) 0.06 (br) nr 134; 138 2.121(5) 0.312 0.104 supine

aΔMC = d(M−Cterminal) − d(M−Cinternal); ΔCC = [d(C1−C2) + d(C3−C4)]/2 − d(C2−C3). As 1-Ti has a mirror plane, d(C1−C2) = d(C3−
C4). nr = not resolved.
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additional coordinated tBuNC (3)generated by reductive
elimination of an iminoacyl intermediate (2-Ti from the first
insertion) and coordination of a second tBuNC. An SC-XRD
structure (Figure 2) confirmed this proposal. A cyclopentenimine

(formally the result of a [4+1] addition) is coordinated in η2

fashion to the Ti, with the nitrogen away from the coordinated
tBuNC. The C−N distance within the imine, 1.393(2) Å, is
consistent with the single bond implied by the titana-aziridine
description. For the coordinated tBuNC, the short C−N
distance of 1.154(2) Å and the small deviation of the C−N−C
from a linear geometry (angle 173.5°) are consistent with the
minimal backbonding that is expected.16g,o,17a,30

In the absence of added tBuNC a C6D6 solution of 3 decom-
poses to a complex mixture of intractable species. In the pres-
ence of excess tBuNC 3 does not undergo further insertion and
the cyclopentenimine is not lost.
Insertion of Isonitriles into cgHf(DMB) 1-Hf and cgZr(DMB)

1-Zr. When 1 equiv of tBuNC was added to the Hf-diene 1-Hf
compound, the monoinsertion product 2-Hf formed rapidly
and cleanly (eq 6). SC-XRD analysis (Figure 3) revealed the

formation of a cyclic iminoacyl species that is consistent with the
isonitrile insertion into one of the Hf−C bonds of the metall-
acyclopentene precursor. The η2 coordination with “N-out-
side” 31 of the iminoacyl to the Hf is reflected in the short
Hf1−N2 distance of 2.224(2) Å.
Addition of another equivalent of tBuNC to 2-Hf led (eq 6) to

exclusive formation of the unsymmetrical bis-insertion product 4,
obviously the result of a hydride shift at some point. We did not
observe the formation of any of the symmetrical bis-insertion
product 5. The X-ray structure of 4 (Figure 3) clearly shows a
cyclopropane ring. One edge of that ring features short Hf···C
contacts of 2.608(2) and 2.568(2) Å, indicating formation of a
σ complex between the C5−C6 bond and the metal.32 That
interaction results in the elongation of that C−C bond to
1.585(2) Å, considerably longer than the other C−C bonds
(1.528(2) and 1.527(2) Å) in the cyclopropane ring.
With 2,6-dimethylphenyl isonitrile (xylyl isonitrile, XyNC)

the same reaction (with 1-Hf, eq 7) led to a mixture of bis-
insertion products, one (6-Hf) like 4 and the other (7-Hf) like 5.
The ratio, as expected, depended (see Scheme 2) on the con-
centration of XyNC. For example, with slow addition of 2 equiv
of XyNC to a solution of 1-Hf, we obtained 6-Hf as the major
product (92%), accompanied by 7-Hf as the minor product
(8%). If the addition sequence was reversed, the formation of the
symmetrical isomer 7-Hf was almost quantitative (>95%).
We then examined the analogous reactions between 1-Zr and

isonitriles. The reaction between 1-Zr and tBuNC gave an intrac-
table mixture. However, reactions between 1-Zr and XyNC
resulted in mixtures of the unsymmetrical product 6-Zr and the
symmetrical product 7-Zr (eq 8). Again, the product distri-
bution could be adjusted (see Scheme 3) by changing the ratio
of the reactants. Both 6-Zr and 7-Zr were isolated.
We were able to obtain X-ray structures (Figure 4) for 7-Zr

and 7-Hf. Both adopt a supine orientation for the folded diaz-
ametallacycle, similar to that of the cgM(diene) compounds.
The new ligand features an enediamido rather than a diaz-
abutadiene resonance form for both Zr and Hf, as indicated
by the long−short−long alternation of bond lengths in the
NCCN moiety.16k,33 The enediamido CC coordi-
nates to the metal in both 7-Zr (Zr1···C5 2.582(4) Å, Zr1···C6
2.573(4) Å) and 7-Hf (Hf1···C5 2.591(3) Å,Hf1···C6 2.589(3) Å).
The coordinated CC is slightly longer than the uncoordinated
one (1.382(5) vs 1.329(6) Å for Zr; and 1.370(5) vs 1.335(6) Å
for Hf).

1JCC in Coordinated Cyclopropanes. The coordination of
cyclopropanes to Group 4 elements is sufficiently rare that it is
worth measuring the strength of that interaction in 4 and 6.

Figure 2. SC-XRD structure of 3. Selected interatomic distances (Å)
and angles (deg): Ti1−N1 2.000(1), Ti1−N2 1.908(1), Ti1−C5
2.212(2), Ti1−C6 2.142(2), N2−C5 1.393(2), N3−C6 1.154(2).

Figure 3. Structures of compound 2-Hf and 4. Selected interatomic
distances (Å) and angles (deg): a) Hf1−N1 2.107(2), Hf1−N2
2.224(2), Hf1−C1 2.294(2), Hf1−C5 2.138(2), N2−C5 1.277(2); b)
Hf1−N1 2.109(1), Hf1−N2 2.061(1), Hf1−N3 2.038(1), Hf1···C5
2.608(2), Hf1···C6 2.568(2), N2−C5 1.443(2), N3−C6 1.435(2),
C1−C5 1.528(2), C1−C6 1.527(2), C5−C6 1.585(2).
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By using 13C-enriched isonitriles (eq 9) we have prepared these
complexes with their coordinated carbons labeled with 13C, and
have been able to determine 1JCC for them (Figure 5). Etienne
has demonstrated that this coupling constant (12.4 Hz in free
cyclopropane) decreases as the interaction of C−C with the
metal becomes stronger.32,34 We have already reported13a that
1JCC for a cyclopropane (with xylyl substituents) coordinated to
Cp*Hf(Cl) is only 1.1 Hz with an elongated C−C distance of
1.552(9) Å, and have now found that 1JCC only increases slightly
(to 1.4Hz) when the xylyl is replaced with tBu. In the complexes,

1JCC for the coordinated cyclopropane increases to 3.5 Hz in 4
(Hf, tBuNC) and to 6.6 Hz in 6-Hf (XyNC), whereas it is 4.8 Hz
in 6-Zr. As mentioned before, the bond length of coordinated
C−C in 4 is 1.585(2) Å, considerably longer than the other C−C
bonds (1.528(2) and 1.527(2) Å) in the cyclopropane ring.

Proposed Mechanisms for Isonitrile Insertion into cgM-
(DMB).We propose themechanism in Scheme 4 for the selective
formation of the unsymmetrical and symmetrical products. The
diene complexes 1 react rapidly with the first equivalent of
incoming isonitrile to form mono-insertion intermediates like 2.
One of two slower reactions follows: either (a) coordination of a
second isonitrile, or (b) reductive elimination and formation of a
metalla-aziridine. If (a), the second RNC inserts and the
resulting iminoacyl ligands couple, giving a symmetrical bis-
insertion product like 5 or 7. If (b), the mono-iminoacyl

Scheme 2. Reaction between 1-Hf and XyNC under Different Conditions

Scheme 3. Reaction between 1-Zr and XyNC under Different Conditions

Figure 4. X-ray structures of symmetrical bis-insertion complexes of
7-Zr and 7-Hf. Selected interatomic distances (Å) and angles (deg): a)
Zr1−N1 2.153(3), Zr1−N2 2.094(3), Zr1−N3 2.076(3), Zr1···C5
2.582(4), Zr1···C6 2.573(4), N2−C5 1.407(5), N3−C6 1.417(5),
C5−C6 1.382(5), C2−C3 1.329(6); b) Hf1−N1 2.130(3), Hf1−N2
2.075(3), Hf1−N3 2.057(3), Hf1···C5 2.591(3), Hf1···C6 2.589(3),
N2−C5 1.416(5), N3−C6 1.426(4), C5−C6 1.370(5), C2−C3
1.335(6).
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intermediate undergoes reductive elimination to form themetalla-
aziridine, which rearranges to the cyclopropane-containing
unsymmetrical bis-insertion product (4 or 6). Of course the
rate of (a) depends on [RNC], while the rate of (b) should not.
The product distribution should be that in eq 10, in agreement
with the results we have observed for eqs 7 and 8 as the order of
addition and/or [RNC] is varied.

k

k
sym

unsym

RNCsym

unsym

[ ]
[ ]

=
[ ]

(10)

2. Reaction of Isonitriles with cgM(Me)2 Complexes.
The complexity of the cgM(diene)/RNC reactions just described
has unfortunately made it difficult to look at their mechanisms in
detail (Scheme 4 and eq 11a), and reactions 5−8 have all proven
too fast to monitor by NMR, even at−60 °C.We have therefore
looked at the kinetics of RNC insertion into the M−C bonds of
simpler constrained geometry systems, cgM(CH3)2 (M =Ti and
Hf). In eq 11b the first insertion remains (as it was in eq 11a) too
fast to monitor, but the subsequent insertions/rearrangements
have proven ideal for NMR rate measurement.
2.1. Structures Arising from Isonitrile Insertion into cgM−Me

Bonds. Ti−Me Bonds. The first insertion of tBuNC into a
Ti−Me bond of cgTi(Me)2 was rapid and gave themono-iminoacyl

compounds 8-Ti (eq 12 in Figure 6). The 13C NMR (δ 240.5)
showed only one signal for the iminoacyl carbon.We anticipated
the initial formation of the outside isomer 8o-Ti, (1) from the
example of 2-Hf in eq 6, and (2) from the location of the vacant
orbital available to the incoming lone pair of the isonitrile.
(For CO an “outside” stereochemistry was predicted by Lauher
and Hoffmann,35 and observed with Cp2ZrAr2 by Erker and
Rosenfeldt.36) However, SC-XRD analysis (Figure 6) of crystals
isolated from reaction eq 12 showed the inside isomer 8i-Ti.
The interconversion of “outside” and “inside” iminoacyls only

requires rotation about the M−C bond, of the transient η1

isomer, and is often facile.16l,n,37,38 We see only one set of signals

Figure 5. 1JCC for the coordinated C−C bonds in our cyclopropane complexes.

Scheme 4. Proposed Mechanisms for the Formation of Two Different Bis-Insertion Isomers
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from 8-Ti in solution (C6D6). The X-ray results suggest that the
“inside” isomer of 8-Ti is more stable (as it is in the Zr acyl that
Erker and Rosenfeldt examined36). Jordan and Guram also
observed the “inside” isomer of Cp2Zr[η

2-CN(tBu)Me](Me) in
the solid state, and evidence for rapid exchange in a CD2Cl2
solution.39

The reaction of 8-Ti with a second equivalent of tBuNC
(eq 13 in Figure 7) results in 9, which contains (SC-XRD

structure) an isonitrile coordinated to a titana-aziridine. The 13C
NMRof 9 shows the coordinated tBuNC at δ 174.2; the C−N−C
angle of 178.65° reflects (as in the case of 3 above) very little
backbonding.16g,o,17a,30 The titana-aziridine is presumably the result
of methyl/iminoacetyl couplinga reaction that has been reported
before, albeit without mechanistic investigation.16k,m,17e,18,40

However, replacing the second tBuNC in eq 13 with XyNC
(eq 14) gave the insertion product 10 (SC-XRD, see Figure 8)!

Apparently XyNC is more reactive than tBuNCa result of
which there are previous examples.15a,41 The four-membered
ring in 10 is distorted by interaction of the Ti with Cβ, as in
Cp2Ti(CH2CMe2CH2).

42 The Ti−Cα−Cβ angle is only
86.47(9)°; the C4−C3 (Cα−Cβ) distance, 1.588(2) Å, is longer
than a typical C−C bond; the Ti···Cβ distance is only 2.556 Å.
The 13C-labeled 10, prepared by the reaction of cgTi(Me)2 with
1 equiv of tBuN13C and then 1 equiv of XyN13C, showed a 1JCC
(between C4 and C3) of 14.8 Hz, considerably lower than its
value in free cyclobutanes (28−29 Hz).42

Hf−Me Bonds.We then investigated the insertion of tBuNC
into the Hf−Me bonds of cgHf(Me)2. The first insertion is fast,
like that of the Ti analogue. However, the second one is
relatively slow and easily followed by 1H NMR; 11 is the only
product (eq 15 in Figure 9).
In the SC-XRD structure of 11 (Figure 9), the two iminoacyl

groups are placed in a twisted orientation that makes them
inequivalent. One iminoacyl adopts an N-outside η2 orientation,
while the other is also η2 but with its nitrogen pointing away
from the Cp ring. However, the 1H NMR shows only one set of
iminoacyl signals, indicative of a mirror plane, and the 13C NMR
shows only one iminoacyl carbon (δ 254.4). The rotation of the
iminoacyl groups about their metal−carbon bonds must be fast
in solution on the NMR time scale.

2.2. Mechanism of Isonitrile Insertion into cgM−Me Bonds.
The insertion reactions just described (in Section 2.1) proved
slow enough that it was possible to monitor them by 1H NMR.
We examined cgTi(Me)2 in the presence of an excess of

tBuNC
at 25 °C in C6D6, then we replaced the

tBuNC with XyNC, then
we looked at cgHf(Me)2 under the same conditions in the
presence of an excess of tBuNC.

Ti−C Bonds. When cgTi(Me)2 is treated with an excess of
tBuNC, the first equivalent reacts rapidly to afford 8-Ti. The
reaction of 8-Ti with a second equivalent of tBuNC (eq 13)
forms 9 much more slowly. Its rate is first order in 8-Ti but
(Figure 10) zero order in tBuNC; kobs is 8.2(2) × 10−5 s−1 at
25 °C. No intermediate is observed. The rate-determining step
must be the formation of 12 by coupling of the methyl ligand to

Figure 6. Structure of 8i-Ti. Selected interatomic distances (Å) and angles (deg): A) Ti1−N1 1.972(2), Ti1−N2 2.073(2),
Ti1−C2 2.177(2), Ti1−C3 2.070(2), N2−C3 1.258(3).

Figure 7. Structure of 9. Selected interatomic distances (Å) and angles
(deg): A) Ti1−N1 2.011(2), Ti1−N2 1.910(2), Ti1−C3 2.229(2),
Ti1−C4 2.154(2), N2−C3 1.402(3), C4−N3 1.158(3).

Figure 8. Structure of 10. Selected interatomic distances (Å) and angles (deg): Ti1−N1 1.984(1), Ti1−N2 1.908(1), Ti1−C4 2.116(2), Ti1···C3
2.556, C3−C4 1.588(2), N2−C3 1.506(2), N3−C4 1.270(2); Ti1−C4−C3 86.47(9).
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the iminoacyl carbon, with rate constant k1; on geometric grounds
it seems reasonable to presume that the outside isomer of 8-Ti
(8o-Ti) is the one that reacts. The coupling reaction must be
reversible, as 8-Ti is stable for days (no change by 1H NMR) in
the absence of free isonitrile. The coordination of the second
tBuNC (rate constant k2) must be fast. No further reaction is
observed for 9.
The complete mechanism is shown in eq 16. In the presence

of excess RNC, the steady-state approximation for 12 gives
the rate law in eq 17. If k2[RNC] is much greater than k−1,
the rate constant can be reduced to k1 (eq 18), which agrees with
the observation that kobs is independent of initial RNC con-
centration. Correction for the 8o-Ti/8i-Ti equilibrium gives
eq 19.
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The observation of a rate law zero order in the concentration
of RNC implies that the rate should be independent of the nature
of RNC. Indeed, similar kobs values (8.68 × 10−5 s−1 and 8.43 ×
10−5 s−1 at [XyNC] = 0.114 and 0.571 M, respectively) were
observed with XyNC at 25 °C. However, instead of yielding a
titana-aziridine like 9, XyNC gave the insertion product titana-
azacyclobutane 10 (eq 20).
Hf−C Bonds. In our study of the kinetics of the reaction of

cgHf(Me)2 with excess tBuNC, we only observed the NMR
signals of 8-Hf (the mono-iminoacyl Hf complex) and the
bis-insertion product 11, suggesting that the coordination of the

isonitrile by 8-Hf is rate-determining. The reaction is pseudo-
first-order in the presence of excess tBuNC, with rate constant
kobs. A plot of kobs(25 °C) against the concentration of

tBuNC is
linear (Figure 11), with a slope of 1.67(3) × 10−5 M−1 s−1
presumably the value of k3 at that temperature. If we assume that
insertion of the coordinated RNC is relatively fast, the
mechanism is that given in eq 21. The overall rate law is given
in eq 22.

Figure 9. Structure of 11. Selected interatomic distances (Å) and angles (deg): Hf1−N1 2.166(2), Hf1−N2 2.242(2), Hf1−N3 2.286(2), Hf1−C3
2.206(2), Hf1−C4 2.247(2), N2−C3 1.278(4), N3−C4 1.285(4).

Figure 10. Kinetic studies with different [tBuNC] concentrations
(red: kobs = 8.40 × 10−5 s−1 with [tBuNC] = 0.286 M; blue:
kobs = 8.06 × 10−5 s−1 with [tBuNC] = 0.571 M; green: kobs = 8.17 ×
10−5 s−1 with [tBuNC] = 1.14 M). The averaged kobs is 8.2(2) ×
10−5 s−1.
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■ SUMMARY AND CONCLUSIONS
In the case of the 2,3-dimethylbutadiene complex of cgTi, the
insertion of one RNC is followed by reductive elimination to
form a coordinated cyclopentenimine (the [4+1] cycloaddition
product). The 2,3-dimethylbutadiene complexes of Hf and
Zr show two competing reactions: (1) the formation of a coor-
dinated cyclopentenimine that can be further converted to
an unsymmetrical product with a coordinated cyclopropane
(Path (b), Scheme 4), and (2) the coordination/insertion of a sec-
ond RNC to give a symmetrical enediamide product (Path (a),
Scheme 4). The product ratio will depend upon [RNC].
The reactions of cg/(Group 4) dimethyl complexes with

excess RNC are similar but more suitable for kinetic study.
CgTi(Me)2 complex inserts one RNC rapidly, then does reduc-
tive elimination in the rate-determining step (independent of the
concentration and nature of RNC, eqs 16 and 20). CgHf(Me)2
coordinates a second RNC (without reductive elimination) to
form the symmetrical product; the reaction is first order in RNC.
No intermediates are observed during the insertion of RNC

into the Hf−Me bond of 8-Hf, and the kinetics are first order in
RNCresults that are consistent with calculations suggesting
that the energy barrier for coordination is higher than that for
the insertion itself.18 However, in some Ti cases coordination of
the second isonitrile occurs only af ter C−C coupling; the

resulting isonitrile-coordinated complexes (3 and 9) do not
undergo insertion.
Alkyl iminoacyl titanium complexes do not react associatively

with excess isonitrile, but the hafnium/zirconium ones do.
The Ti complexes undergo reductive elimination instead. For
Hf/Zr that reaction competes with the associative RNC coor-
dination, giving a mixture of the unsymmetrical and symmetrical
products.
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