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ABSTRACT

A study of the suprafacial 2 + 2 reaction at transition
metal centers is presented. It is demonstrated that this
reaction is allowed and proceeds with a low activation energy
if the reacting transition metal-to-substituent bond is
covalent, nonpolar, and has a large component at transition
nickel d-orbital character. These chains are evinced by
examination of 2s + ZS reactions at M-H bonds. Those
systems in which M can use d orbitals show lower barriers
to the 25 + Zs reaction than those in which M cannot use
d orbitals.

The importance of the electronic structure of the
metal-to-substituent bond is highlighted by a study of
dichorotitanacyclopropane. This molecule, being a
metallacyclopropane, can undergo Zs + ZS reactions which
one unavailable to a simple olefin.

Studies concerning the importance of ZS + 2, reactivity
in the organic chemistry of nickel, and in the Ziegler-Natta
polymerization of simple olefins are presented.

It is suggested that the principle of maximum bonding
(the Woodward-Hoffmann rules) implies the conservation of

transition metal covalency in low-energy catalytic cycles.
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Chapter 1. Reactions of D; with CI,TiH*, Cl;TiH and Cl;ScH.



Introduction

The Woodward-HofTmann orbital symmetry rules have had a profound
effect on the understanding of organic reactions,! but attermpls Lo gen-
eralize these rules {o organic reaclions mediated by iransilion metals
have not led to specific results of comparable utility.z It is generally
assumed that there are no particular reactions that are symmetry-
forbidden for transition metal systems. For example, [2s + 2s] reactions
such as migratory insertion pervade organometallic chemistry,a whereas
analogous reactions are known to be {orbidden in sirictly organic sys-
tems. Our belief (vide infra) is that the detailed nature of the metial-
hydrogen and metal-carbon covalent bond is critical to the process of
these now allowed reactions. An appréciation of the transition-metal-
ligand covalent bond is nc;w t=.-mergin,g4 that allows us to go beyond the
simple standards of allowed and forbidden and to begin predicting rela-
tive rates of particular organometallic reactions. In this paper we outline
some recent studies of concerted reactions of transition metals. We find
that low activation barriers for reactions such as (1) will result when the
M-Z bond is nonpolar and covalent, involving strictly d-character in the

metal center.

M N
Xty X—Y ()

Our analysis of molecules and their reactions is based on simple
valence bond wavefunctions supplemented by ab inilio generalized
valence bond {GVB) calculations® Within this description, & chemical
bond is formed by the overlap of two one-electron orbitals,® and a reac-

tion resulls from the delocalization of one or more previously localized



bonds across several centers, and the subsequent relocalization to give
the bonds of the products. The Pauli principle governs the course of
these delocalizalions, and in so doing provides selection rules for reac-
tivity.”

In order Lo invesiigate Lthe nature of these reactive orbilal deiccaiiza-
tions in the organometallic migratory insertion reaction, we have studied

the three reactions shown in Scheme |

M = () CI, T1, {b) CipTi, {c) ClpSc

Scheme 1

These simple exchange reactions are expected to be electironically quite
similar to the more traditional [2; + 2, reactions such as insertion of an

olefin into a metal-hydrogen bond (2},

M :7- H M 2]
(ot — / (2)
HpC = CH, CH—CH,

The study of this sequence was chosen to answer three questions:

1) Docs the indicated exchange proceed with a low activation barrier,
and, if so, how?

2) What is the effect of the Lewis acidily of the metal cenier on this

aclivation barrier?



3} What is the effecl of spectator electrons (such as the unpaired elec-

tron of Cl,TiH) on this activation barrier?
Results and Discussion

In order to answer these questions, we have determined accurate
wavefunctions for the reactants (la,b.c) and compared them with analo-
gous wavefunctions for the indicaled transition states (2a,b.c). The
geometiries of these species were optimized and are reporied in Tebles ]
and 1. Throughout this study, the chloride ligands, being simply model
anionic ligands, were held fixed at the values shown. The four-center
transition =states were assumed to have Cp symmetry, and the
geometries were optimized with this constraint. The activation barriers

are quoled in Table III.

From Table Il one sees that these three reactions proceed wiith low
activation barriers (with that of the titanium cation being conspicuously
lower), and hence the reactions are allowed. Examination of the active
orbitals along the reaction path indicate why this is so. Figure ] shows
the four aclive one-eiectron orbitals as they move from reaclants to pro-
ducis. We szee ithal the original bond pairs {Ti-H and H-H are retained
throughout the reaction. Al the iransition state, one of thess bonds
becomes a Lthree-center bond on the three hydrogens; the other a three-
center bond on the titanium and its iwo neighboring hydrogens. As the
reaction proceeds to products, these delocalized bonds relocalize Lo form
the bonds characteristic of the products. The change in bond pair over-
laps (Table IV subslaniiates our assertion that the two active bonds are

retained throughout these reactions.

Il is critical to nole thatl the two three-center bonds of the transition

statle are orthogonal to one another, as dermnanded by the Pauli principle. '
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It is in this ability that transition metals outdo main group elements.
Examining the pericyclic [2, + 2,] cyclodimerization of ethylene (Figure
2), we see that the two active bonds in the reactants (the C-C n bonds)
cannot delocalize to give two three-center bonds in the transition state
that are mutually orthogonel. Either the two delocalized bonds are not
orthogonal (forbidden by the Pauli principle)} or one of the bonds is
forced Lo be broken at the transition state (the definition of a forbidden
reaction). It is the shape and availability of the transition metal d-orbital

that allows the orthogonal delocalization to occur.

Based on these considerations, we believe that the more metal d-
character in the M-Z bond [Eq. (1}], the lower the activation barrier for
the exchange reaction and analogous insertions. This is because any
metal s- or p-character in the active bond musi be removed on going to
the X - M- Z three-center bond in the symmetrical transition state,
leading to increased activation energy (see Table IV), and this change in
optimal orbital hybridization about the metal will be energetically costly.
This contributes to the explanation for the very low barrier for exchange
i the {CL;T7iH)* system. The metal orbital in this Ti-H bond is ~80% d in
character, whereas in the other two cases, the corresponding metal orbi-

tal is only 50-70% d (Table I, Figures 1, 3, and 4).

In comparing the reaction of (Cl;TiH)* with the iscelectronic ClaScH,
we see that the effect of increasing the intrinsic Lewis acidity of t.hé
metal center is to decrease the barrier height for the exchange reaction.
One explanation for this is given above. The more electronegative the
metal center, the more d-character in the active bond.? and therefore
the lower energy of the transition state. A second point is that the over-

lap of the two bonding orbitals in (Cl,TiH)* is quite low (0.44) compared
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with that in Cl;ScH (0.74). This indicales that the TiH bond in (Cl.TIH)* is
significantly weaker than the Sc-H bond in Cl;ScH. This would imply a
correspondingly lower barrier for the exchange reaction. Finally, even
though H; is not & partlicularly good Lewis base, a donor/acceptor
interaction {to the exten! of an sdditional transier of 0.2} elecirons from

the new H; Lo the CL,TiH fragment) stabilizes the cationic transition state

Comparison of the exchange reaclions of Cl;ScH and Cl;TiH shows the
effect of the odd electron on titanium. In order to transiorm from the
metal bonding orbital in the reactant to that at the transition state, the
reactant orbital must mix with some of the d-orbital, which is simgly-
occupied in the case of CLTiH, but empiy in the case of the ClScH.
Eguivalently, the odd eleciron in CITi{H)D); must be in an orbital thal is
orihogonal to the k- -Ti---Dand H---D- .- D bonds. This orihogonal-
ity requirement results in energetic destabilization and is absent in the
case ofCipSciH) D)z In this case our calculations indicate that this mixing
is of moderaie energetic cost, 4.3 keal (even though Lthe orbital energy of
the singly-occupied orbiial changes from -0.52i4 hartree in CLTiE to
-0.5153 hartree in Ci;TiHa. a destabilization of 10.1 kecal/mol}. We expect
thal such spectlator d-elecirons may have even grealer efilecl upon reac-

tion barriers in other systems.

These results may have distinetl implications for our appreciation of
knowr organometallic processes. For exampie, we expect that the

exchange of H for D between Cp,*ZrH, and Dz.g the direct hydrogenolysis

of lanthanide alkyl complexes,1°

oy
Nl
zchmr-c.u.xnnm,—-[cp, " ], -[cp ;...(mmn],ozm, (3

\r“"



and the thermolysis of Cpg‘Th(CHgCMeg)z.“

-

.
coythl !l — [Cp;T? ...... in] — it s, ),

proceeds by a direct four-cenler concerled mechsnism, as in these

mode!l siudies. Furthermore, these resulls suggest that the titanium site

12 is more active if it is & cafionic Ti(IV)

in Ziegler-Natta polvmerization
rather than a neutral Ti(lll}. In this wsy, our work underscores the
suggesiion that one of the functions of the Lewis acidic cocatalysts used
in Zizzler-Natta polymerization is to remove an anionic ligand such 2s CI°

from the sphere of Lthe metal 1?



Appendix: Details of the Calculations



Appendix

These calculations were performed at the fully ab initio level. All
titanium, scandium, and hydrogen orbitals {(core as well as valence) were
optimized explicitly. Geometries were optimized at the calculational lev-
els outlined in Tables | and 1I. Valence double zela basis sets were used
on the metals, and unscaled triple zeta sets on each hydrogen atom.'4
The chlorine aloms were described by valence minimum basis sels that
were optimized for Cl;TiH,, and the chlorine core electrons were
described by an ab initio effeclive potential.!® The geometries of the
CizMH;g species were optimized using the GVB gradient program of Low and

Goddard.'®

In determining the barrier height (Table III) we calculated the GVB-
PP(2/4) wavefunction at the saddle point, included the two additional
spin eigenfunctions characteristic of a full GVB wavelunction (i.e., GVB-
RCI), and then carried out a CI calculation allowing all single excitations
from the six GVB-RCI configurations o all virtual orbitals. This procedure
relaxes all orbital orthogonality and spin-coupling restrictions involved in
interactions of the orbitals and is expected to yield accurate barriers. In
the limits of the reactant and product species, the above wavefunction
reduces to a GVB(1/2) wavefunction on H; plus the {ollowing wavefunction
on Cl,MH. Starting with GVB-PP(1/2) and including the ihird
configuration of the RCl, we include all single excitations into the full vir-
tual space. For Cl,ScH and Cl,TiH*, Lhis reduces to GVB-PP, but for ClyTiH

there are additional spin-coupling terms arising from the exira electron.

As a control, we calculated the barrier for the exchange reaction of H
+ D - HD 4+ D. Using this method, we calculate a barrier of 14.6

kcal/mol for this reaction. The most accurate calculations available show
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this barrier to be 9.90 kcal/mol.}” These comparisons indicate that our
calculations should yield barriers thal are systematically ~5 kcal/mol

high.



a,b)

Table I. Geometries of CL,MH.
Mulliken Populations in M-H bond pair
Complex @ (CITiCl) r(Cl-T1) r{TiH) M (valence M (valence H
d) s and p)
& ¢)

CLTiH (140°) (2.328 &) 1.80 A 1.07 0.22 0.7

CLTiH (140°) (2.328 &) 1.70 & 0.70 0,37 0.87
CLScH (142°) 2.35A 1.78 A 0.55 0,44 0.98

a) Values in parentheses are not optimized. Other parameters were optimized using a

wavefunction having a correlated [GVB(I/ 2)] M-H sigma bond.
b) CL,TiH was found to be planar. ClzTiH and CLScH were subsequently assumed to be

planar.

©) When the Ti-H bond length was optimized at the Hartree-Fock level, a value of 1. 58 &

was found., Intrapair correlation is critical in this calculation,

I1
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Table II: Geometries of CLM{H)(D),. a,b)

Cl M )8 >\D
€

7

ci A
1 *D” "2
Complex r, r, é o
€
CLTi(H)(D), 1.782 A 0.992 A 62° 134°
(1.750 & 0.993 A 64° 137°)
CLTi(H)(D), 1.8459 A 1.0284 A 65° 148°
CLSc(H)(D), 1.887 A - 1,014 A 62° 149°

2} In each case the CLM fragment was held fixed at the values from the
CLMH molecule.

b) C,y Symmetry was assumed for all complexes,

c) The geometry of CLTi(H)(D), and that of CLSC(H)(D), were optimized using
gradient techniques at the Hartree-Fock level. Owing to the inaccuracy

of the Hartree-Fock prediction of the Ti~-H bond length in Clzgi, this
optimization technique could not be used for Cl.‘,";l‘:i.(H)(D)z. This reported
geometry results from a point-by-point geometry search at the GVB(2/4)
level and is therefore only approximate. The geometry in parentheses is

the result of this Hartree-Fock gradient optimization,



H

N
Table 1. CLM—H + D, ——» CLM D.

N

D

Mulliken Populations

Transition State

Reactant Barrier Height D>+*M-*++H Bond Total on hydrogens in MH,
8 p d Terminal Central
CI,%H 2 keal/mol?) 0.0 0. 06 1.09 0.70 0. 82
CLTiH 21. 7 keal/mol 0.0 0. 11 0.72 0.93 0.82
CLScH 17. 4 keal/mol 0.0 0.13 0. 61 1.00 0. 80

2) Upper limit; see footnote ¢}, Table II.

€T
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Table IV. GVB Pair Overlaps in Active Bonds.

Reactants Transition State
System
M..H H-H H"’M"'D H.-.D-..D
&
CLTiH 0.44 0.80 0.54 0.84
CLTiH 0.66 0. 80 0.72 0.84
CLScH 0.74 0.80 0.7 0.84




15

Figure 1. G\B orbiials for the Cl;Ti*~H + D; + ClTi*-D + HD reaction. (i)
Reactants. (ii) Transition slate. (iii) Producls. Solid lines indicate posi-
- tive amplitude and dashed lines indicate negative amplitude. The spacing

beivzen coniours is 8.05 a.u.
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Figure 2. Velznce bond orbilals for the Culi; + X, » cyciodbuienz reac-

{ion1. (1) Reaclanis. (ii) Transition state. (iii) Producis.
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Figure 3. GVB orbitals describing the Sc-H bond of Cl,ScH. The spacing

beiween contours is 0.05 a.u.
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Figure 4. GVE orbilals describing the Ti-H bond of CleTiH. The spacing
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Chapter 2. Reactions of D; with Main Group Hydrides.
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1.  Introduclion

For the concerled reactions of simple hydrocarbons, it is well-known
(from the Woodward-Hoffmann rules) that the suprafacial 2 + 2 reaction
is forbidden.! However, for a number of reactions involving main group
metals or transition metals, the simplest mechanisms consistenl with
experiment invoke cyclic, four-center transition states. Examples
2

include the hydroboration of olefins® [Eq. (1)] and the Cossee Arlman

mechanism for Ziegler-Natta polymerization® [Eq. (2)],

R
BHy + CH2=CH2—'—'"{H283.._'. }"‘z} ~———e= H,8-CHyCH, -H (1)
e

LATICHy + CH2CHz -—-[mn:,_ ",CHZ]*—"LnTi/ (2)

- et
Recently we have examnined several examples of the four-center reac-
tion at transition metals such as the H/D exchange reaction in Eq. (3).4

In that work we showed that

Moo
ClpTi"-H+ D, ““‘[C*mt‘j .."’] e CLTi*-D+ HD (3)
oy

io achieve a low aclivation energy il is critical that the bond to the tran-
sition meial be covalent and nonpolar and involve substantial d-orbital
character on the metal. U this situation occurs, the reacting bonds [Ti-H
and D-D in Eq. (3)] are retained in the transition state, leading to a low
aclivation barrier. This view that the transition metal mediated suprafa-
cial 2 + 2 reactlion will proceed at lower activation energy if the metal-to-

ligand bond in the reactants (M-H, M-CRy, etc.) is nonpolar is at variance
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with the belief thal polar bonds ere more reactive than nonpolar ones,>
and at variance with the notion that a vacant orbital of p character (as in
trivalent borom, trivalent aluminum, divalent magnesium, monovalent
alkali metals, and so forth) serves the same role in promoting the 2, + 2,
reaction as a vacant d orbital at a transition metal® In order to test
these ideas concerning selection rules for 2, + 2, reactions, we have per-
formed ab inifio quantum chemical calculations of activation enthalpies
for a set of 2, + 2, reactions [Eq. (4)] involving polar M-H bonds in systems
that do not aHo;w the use of valence d-orbitals by the reacting atoms.
M—H ~H. ¥ M H

S
D—D ‘D D ©

2 3} £

M = Li, Na, K, Rb, HBe, HgB, HeAl, ClpAl, Cu, CIMn

(4)

We find that ezcept for the case of BHs, the transition state {Eq. (4),
structure b] is polar (M*Hg}, making the reaction look like a hydride-
transfer (or heterolytic activation of #,).” Only in the case of BHy is the
transition state [Eq. (4) structure b, M = H,B] nonpolar and covalent. We
thus find two limiting cases, the "nonpolar” and the "polar” reactions,
where (1) the relative rates of the nonpolar reactions can be related to
the valence-s-to-valence-p excitation on M and the ability of this n state
of M to form strong = bonds, and (2) the relative rates of the polar reac-

tions can be related to the ionization potential of M.
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I. Results

Using methods described in the Appendix, we calculated the activa-
tion barrier heights (Table I} for the reactions in Eq. (4). Here we see
th:at there are two sets of reactions: the allowed reactions (E,o > 24-34
k::al/mol). and the forbidden reactions (E,, = 40 kcal/mol). The objec-
tive of our analysis will be to understand what makes one reaction
"allowed" and another "forbidden", and to provide ways to estimate the

activation energy for a reaction based on spectroscopic properties of the

reactants.

We used generalized valence bond (GV‘B)8 wavefunctions to obtiain
activation barriers for these reactions. In the GVB model, each chemical
bond in a molecule is described by iwo overlapping, one-electron orbi-
tals, just as in the simple valence bond formalism; however, in GVB calcu-
lations, these one-electron orbitals are allowed to optimized their hybrid-
ization and delocalization. An an example, the GVB orbitals for the H-H
bond in Hp are shown together with the is orbital of H atom in Figure 1.
Each orbital in the H-H bond looks similar to but not exactly the same as
the 1s orbital of the atom. (In fact, the overlap of a GVB orbital of H; and
an atornic 1s on the same center is 0‘988.)9 Thus, the GVB method has
the interpretability of simple valence bond and the quantitative benefit of
self-consistent field optimization. The atomic nature of GVB one-electron
orbitals allows the facile qualitative as well as quantitative description of
bond forming and bond breaking processes, and hence this particular

orbital description is used.

In Figure 2 we illustrate the method, showing the four one-electron

orbitals that are active in the H/D exchange reaction between BHs and D;

[Eq. (53]
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H,B—H ~Ho#  HB H
* T HE D= |+ | (5)
D—D D (o}

The optimal description of the B-H bond shows one electron localized in
what is predominantly a 1s orbital on H, {¢zb), and one electron localized
in a predominantly sp® hybrid orbital on B, (¢e,). These orbitals (p., and
#zv) have an overlap at 0.83, indicative of a strong bond. The bond in D; is
formed by the overlap (S = 0.80) of the two orbitals, ¢,, and ¢,. Each of

these two orbilals is predominantly a localized hydrogen 1s orbital.

At the transilion state for this reaction, the pair of orbitals, ¢, and
#1p. which started the reaction as the D—D bond, has delocalized over the
D-D-H region of the H;B(H)(D); molecule, retaining a high overlap. Simi-
larly, the pair of orbitals (¢, and ¢, which started the reaction describ-
ing the B-H bond, has delocalized over the H-B-D region, also retaining a
high overlap. The delocalization of covalent bonds at the transition state
thus results in two three-center two-electron covalent bonds [bonds 1
and 2 in Figure 2(ii}].

In contrast, we show the results of our study of the reaction of KH
with D, in Figure 3. This reaction involves the reorganization of four
active orbitals, ¢,, and ¢, (the D-D bond), and ¢,, and ¢g, {the KH bond),
just as above. As in the BH; + D, reaction, the D-D bond delocalizes over
the D-D-H region in the transition state. In this case, however, the K-H
bond delocalizes not over the H-K-D region but just on the "terminal” H
and D atoms. Therefore, the transition state for the KH + D, reaction

looks like K*(Hg), 1,
(41 {np'

1
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i.e., an tonic bond of K* to Hy, whereas for the HyB + Dg reaction, the tran-
silion state is best described as a covalent bond belween the H;B radical
and the H; radical. The changes in GVB orbital overlaps in the two active

bonds in each reaction studied are shown in Table II.

Qur studies of the other eight reactions showed that in each case
three of the active orbitals (the two describing the H- - D--- D bond and
one of the orbilals describing the H--- M- - D bond, the orbital distri-
buted uniformly over just the two "terminal” hydrogens) were essentially
identical (for example, compare Figures 2 and 3, ¢, #1p. and ¢g, at the
transition states). For this reason we show only the fourth active orbital
(¢ap) for each of these other eight reactions in Figure 4. In order to
assess the role of charge in determining the properties of the transition
states, the Mulliken po;c:n.ﬂa!.ions10 of the atoms of the reactants and of
the transition states are shown in Table III. The parameters describing
the optimum geometries of the MH; complexes are reported in Table IV
together with the geometrical parameters optimized for the reactants
(M-H and H,).

The wavefunctions and populations al the transition state should be
compared with the corresponding quantities of the reactants (M-H and
H.), as shown in Figure 2 for BHs and in Figure 1 for KH. It is important to
note that the KH bond is found to be quite polar, as is apparent because
both orbitals of the KH bond are localized on hydrogen. This is in con-
tradistinclion to the case of H;B~H in which one orbital is cenlered on H
while the other orbital remains on boron. (For comparison, the valence s

orbital on K atom and the sp? orbital on free BH,!! are shown in Figure 5.)
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On the other hand, the other orbital of the two-electron bond is essen-
tially a hydrogen 1s orbital in each of the cases we studied. Thus the M-H
bond goes from the nonpolar extreme to the polar (M*H~) extreme, based
solely on the character of the oplimized "M-centered” orbital. In a
covalent bond, this orbital is localized on the metal (as in BHs), whereas in
an ionic bond it is localized on the H. These "M-centered"” orbitals for the
various M-H bonds are shown in Figure 6. All of the alkalis (Li, Na, K. Rb)
lead to quite polar bonds; however, the B-H bond is nonpolar while Al-H
bond is polar. The Be-H bond is intermediate in polarity between the LiH
and BH bonds. Transition metals that cannot use d orbitals in the M-H
bonds (d2'° Cu and d° Mn) are quite polar. This can be contrasted with
cases such as ClZrH, (Figure 7)12 where the bond is quite nonpolar and
covalent with mainly d character on the metal. A more quantitative

measure of these charge transier eflects is provided by the Mulliken

populations in Table III.
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III. Discussion
A. Geometries of the MHs Transition State

Perusal of Table IV shows that the geometry changes on going from
MH + H, to the four-center transition state are similar for all cases. The
reactive M-H bonds lengthen by 0.1 Lo 0.2 ;‘;, while the H-H bond increases
(from 0.74 in Hp)'® by 0.31 to 0.36 A The H-H-H angle in MHy lies in the
range 150-160°. These values for r(H-H) and ¥(H-H-H) should be com-
pared with our calculated values of 0.919 Aand 180°, respectively, for the
Hs radical’® and 1.079 A and 180°, respectively, for the Hy anion.!® Based
on the electronic structure of the MHs complexes (see Figures 2, 3, and
4), there is little directed valence toward the H, unit at M in the MH, com-
plexes, and thus the HMH angle ranges irom 46° to 99°, imposing no

independent requirements on the transition state geometries.

The reaction of BHj is unique. The HBH angle internal to the exchang-
ing units is significantly larger (99° versus 50° to 80° for the other reac-
tion) than the corresponding angles in all the other exchange reactions.
Similarly, the H-H-H angle is significantly smaller than the average(132°
versus 145° to 168°). This is easily understood in terms of the electronic
structure of this transition state (vide infra). The boron-centered orbital
in the H-B-H bond (Figure 2, g, of the transition state) shows a great deal
of boron p-character. (In fact, removal of the boron p functions from the
SCF calculations results in an increase in total energy of 74 kcal/mol,
whereas the increase is only 24 kcal/mol for the corresponding exclusion
in the case of HgAiHS.Is) The dominance of this p character implies a pre-
ferred H-B-H angle of 180°; however, this would require the rupture of the
H; unit and thus the cleavage of the original D-D bond, thereby making

the reaction forbidden. Thus there is a compromise between maximal H-
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B-H bonding (180° at boron) and maximal H-H-H bonding (180° at the cen-
tral H), yielding the 100° angle al boron and the 130° internal bond angle
at H.

Corollary to this, comparison of the plois in Figures 2, 3, and 4, the
Mulliken populations in Table Ill, and the geometries in Table IV shows a
correlation between the polarization of the MHs transition state and the
H-H-H angle. The more ionic transition states show the more open
geometries as judged by the H-H-H angle.

B. Electronics of the MH; Transition State

In Figure B we show the three one-electron orbitals of H; at the
optimum G, geometry of this molecule. 14 Comparison of these orbitals
with the orbitals of H,BH; (Figure 2) and KM; (Figure 3) shows that the two
spiegel 1 H-H-H orbitals and one of the unspiegel H-M-H orbitals in both
H;BHy; and KHy are very similar to the three corresponding one-electron
orbitals of H;. Since these three orbitals are quite similar for all ten
reactions studied, we can understand the electronics of these H-D
exchange reactions by examining just the fourth active orbital of MH;. It
is this orbital that gives the bonding between the Hz fragment and the M
center, siabilizes the ¥H; transition state, and therefore detlermines the
activation barrier for the process. Since the Hs orbital, which is available
for bonding to M, is antisymmetric with respect to the plane bisecting the
H-H-H angle (i.e., unspiegel), the orbital on M, to be used in the M-Hs
bond, must also be antisymmetric with respect to this plane (unspiegel)
in order to have a good bond. These unspiegel orbitals on M are those
depicted in Figure 4. These data indicate a convenient dichotomy in the
discussion of these 2, + 2, reactions. In the case of H;BH + D, (Figure 2),

the fourth orbital on the transition state (pa) is localized significantly on
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the boron center. This plot as well as the Mulliken populations (Table III)
indicate a nonpolar transition state, HpBH;. In all nine other cases, the
"M-centered” fourth orbital is not associated with the center M but rather
is distributed equally between the two "terminal" hydrogens, giving rise
to a polar transition state such as 1. The nonpolar and polar transition

states will be discussed in turn.

1. Nonpolar Transition States
a. Flectromic Structure

In the previous section we intimated that in the 2, + 2, reaction the
transition state could be viewed as a complex formed between H; and M.
We pointed out that the fourth active orbital must be an orbital that can
overlap the singly- occupred unspiegel orbital of the Hs fragment {¢, of
Figure 8) if the two reactive covalent bonds (M-H and H-H) of the reac-
tants are to be retained at the transition state. If this unspiegel fourth
orbital can be formed from low- energy orbitals on the M fragment, and if
the overlap between this orbital and the unspiege! orbilal of H; is large
enough, a nonpolar three-center (H-M-H) bond can be formed, giving a
nonpolar reaction. In earlier work,* we reporied such strong nonpolar
bonds can be formed in cases where M is a transition metal, if the M-H
bond of the reactant has significant d-character on the metal. This
occurs because a metal d unspiege] orbital will be available to make the
M-Ha covalent bond at the transition state. This metallic d bonding orbi-
tal has positive and negative lobes at 80° to one another, thus accommeo-

dating square transition stales. The requirement that the H; fragment be
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intact at the transilion state {equivalent to the requirement that the H-H
(D-D) bond of the reactants be retained] establishes geometrical restric-
tions on the H-M-H angle that would seem to exclude s and p orbitals

from functioning as the fourth orbital in these 2, + 2, reactions.

Figure 2 and Table [II show that the BH; + Dp reaction does proceed
through a nonpolar transition state, and that the fourth active orbital
(vzb) uses only p functions on boron. Figures 3 and 4 show that boron is
distinctly different from the other cases. Only in the BH; + D, reaction is
the fourth active orbital localized on the "metal” at the transilion state.
The Mulliken population analysis in Table Ill indicates that the H;BH; tran-
sition state is not polar as are the other nine transition states. The polar-
ization of HzBHs is of the form 2, NOT 3. This is reminiscent of the slight
polarization noted for transition metal mediated H/D exchange reactions

we reported earlier. 4

> R

The sequence of orbital plots in Figure 2 shows that the B-H and D-D
bonds of the reactants are capable of smoothly moving to a pair of three-
center, two-electron bonds at the H,B(H)(D), transition state. The bond
pair (¢z..¢z) describes a covalent bond between the singly-occupied orbi-
tal of Hs and an orbital that is substantially a beron 2p orbital {Figure 9).
The overlap of the iwo orbitals constituting this three-center bond is indi-
cative of significant bonding. In Figure 10 we show the plots for the two
one- electron orbitals of the n-bond of ethylene.!” Note the general simi-

larity between these orbitals and the orbitals (ys, and vz) of the

unspiegel bond in (HB){(Hs), especially as these two sets of orbilals differ
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from the corresponding pair of orbitals in (K)*(H3)™ (¢z. and ¢z in Figure
3). The fourth active orbital in (HzB)(Ha) (g¢zp of Figure 2) is a boron 2p
orbital bonding to the unspiegel singly-occupied orbital of Hy in the same
way that the orbital, which is essentially a carbon 2p orbital on CHz, is
bonding to a similar orbital on the neighboring CHy fragment in ethylene,
giving rise to the C-C = bond. In this way we view the three-center, {wo-
electron bond between H;B and Hy as a2 m bond. Thus, the abilily of a
cenler M to sustain the nonpolar 2, + 2, reaction is inlimately related fo

the ability of that center to form strong m bonds!
b. Relative Activation Barrers

From Figure 4 it is apparent that while BHy can undergo a nonpolar
2, + 2, reaction with D,, Cl,AlH and AiH; cannot. The unspiegel aluminum
3p orbital is just too diffuse to bond covalently to the unspiegel singly-
occupied orbital of Hala (Figure 8). This highlights the general observa-
tion thal second (and lower) row atoms are incapable of forming strong =
bonds. (While ethylene is a remarkably stable molecule, the silicon ana-
log, SigH,, shows, at best, a fleeting existence.w) Thus the transition state
for a nonpolar 2, + 2, reaction will be stabilized (all else being equal) if
one of the atoms in the four-centered commplex is able to form strong "n"
bonds, i.e., if M is either a first-row atom {an unsaturated complex of sim-
ple ligands about a first-row atom) or one of the set of transition metal
centers that is capable of forming alkylidene- fype m bonds to CH;
(MzCHz).ZO This is to say that not only must there be an unused valence
orbital on M, but that orbital must have the size and shape to allow a high

overlap with the unspiegel singly-occupied orbital of Hy.

In order to form the required "n bond" to Hs in Eq. (4}, the center M

must be in an electronic state thal has the orbital of m symmetry (the
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unspiegel orbital) singly-occupied. At the transition state in Eq. (5), the
BH. fragment is in a configuration that separates to the excited (®B,) state
of (bent) BHz, NOT io the ground state (°A,). The interaction between the
ground state of H;B and the ground state of Hs, given a cyclic geometry, is
respulsive because the singly-occupied orbital in the ground state of BH;
is spiegel and therefore orthogonal to the unspiegel orbital of Ha. This
orthogonality defines the absence of bonding. In Figure 11 we show how
the strength of the bond between BH; and Hy may be decomposed concep-
tually into lwo fragments; viz., AE, + AE;, where AE, is the 'vertical”
strength of the Hp,B~H; bond, and AE; is the energy required to prepare
the bonding state of BH, (*B,. 6) from the ground state (%A;, 7). Thus,
when estimating relafive barriers for similar 2, + 2, reactions, one may
use this o » 7 excitation energy as a guide. For example, at Lthe geometry
characteristic of the (H;B)(Hs transition state,21 we calculate the
BH; (%A, - %B,) excitation energy to be 33 kcal/mol (AE; in Figure 11). At
an analogous geometry.22 we calculate the Cl;B (%A, » *B,) excitation
energy to be 67 kcal/mol. We believe that the ability of *B, (BH;) and 2B,
(BClz) to form = bonds is similar;2® thus we predict that the activation

barrier for the reaction in Eq. (8) will be

Ci, B—H "’Dz -—"-—[Clza _D} S + (6)
o D D

significantly higher than that for the reaction in Eq. (6)2* In a similar
way, we calculate the 2% -+ 21T excitation for BeH to be 64 kcal/mol.?®®
This observation alone suggests that the 2, + 2, reaction of BeH; with D;
should be higher in energy than the reaction of BHs with D,, as observed
(Table I).



39

It is interesting to note that this ¢ + r excitation can be used to esti-
mate the relalive energies of distortion from planarity of a series of reac-
tants M-H. Consider the case of BHs. We can form BHj; by bonding the H
atom to either the ground (A,) or excited (®B,) state of bent BH;. Equa-
tion (7) shows that bonding to the %A, state of BH; results in the planar
geometry of BHy, but that

Houp ) 4+ - ":;a—-ﬂ
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bonding to the 2B, state of bent BH; resulls in the highly distorted pyram-
idal form of BHa.Es Bending BH; from planar corresponds to incorporating
some fraction of the excited state of BH,  Thus the energy of the excited
state gives a gauge of the energy needed to carry out this distoriton and
vice versa. The higher in energy the = state lies, the more difficult the
distortion from planarity. Since the idealized transition state [Eq. (4b)]
requires the angular distortion of the M-H bond, the more difficull this

distortion, the higher the nctivation barrier for the 2, + 2, reaction.

Based on Lhese considerations, we can consiruct estimates for the
relative heats of formation of MH; iransition states of the nonpolar fype
based either on the electronic spectroscopy of M, or on the vibrational

spectroscopy (M-H bending mode) of MH.
2. Polar Transition Stales
a. FElectronic Structure

Viewing the (M)(Hj) transition state as a bond between the H; radical
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and the M radical (in a Cp geometry) is convenient for analysis of the
electronic structure of this (unstable) molecule. The "fourth electron”
starts out in the bonding orbital on M in M-H, and at the transition state
it forms a two-electron bond with the electron in the unspiegel orbital on
Hz. In the reaclions we characterize as polar, this antisymmetric orbital
on M is not sufficiently stable to hold the electron and form a covalent
bond with Hz. In these cases the fourth electron is transferred from M to
Hs to form a polar M*Hg state. Thus the [M*][H;3]" state arises naturally in
response to the energetic requirement of maximum bonding in the tran-

sition siale.

Table IV shows thal the optimum nuclear angle at the metal in MHg is
between 50° and 100° for all cases. Only an orbital on M having high angu-
lar momentum (d, {,..., orbitals) can position positive and negative lobes
at such small angles to one another. In no cases studied are d orbitals
available for bonding to the unspiegel orbital of Hy. Therefore, either a
three-center pm bond must be formed (as in HyBH;) or electron transfer
frorn M to H; is demanded. In the KH + D reaction there is no valence d
orbital available on potassium, and we do not expect the ?P state of K to
form strong = bonds, so the only allernative is to form [K*]/H3]. In Figure
12 we show the four one-eleciron orbitals describing Hy Comparison of
these orbitals with those of KHy; substantiales our identification of
[K*]iHg .

In all of the cases in Figure 4 we can identify the fourth active orbital
of MH, with the diffuse antisymmetric orbital of Hy (pg. Figure 12).
Closer examination shows that there is some delocalization back from Hy
{o an unspiegel orbital on M*. For the main group complexes, this orbital

must be p-like (Li 2p, Na 3p, etc.). In all of the main group reactions stu-
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died, the needed unspiegel orbital is empty in the MH reactant, and may
thus be used freely in the MHg complex. The extent of delocalization back
from Hs to M* then depends on the energy of the pm orbital, and the abil-
ity of Hy to use this orbital. The energies of the prm orbitals may be
estimated from atomic spectroscopy.27 These excitation energies tend to
increase as one goes to the left and as one goes down in the periodic
table. These energetic considerations suggest the amount of back-
delocalization will be greater'for Li than for Rb, greater for B than for Al

and greater for B than for Li, in agreement with the results in Figure 3.

The ability of Hg to use the M pm orbital relies on the effective size of
this pr orbital and on the size of the MHy molecule. The effective size of
the orbital is merely a gauge of diffuseness. The more diffuse this orbital,
the less fully the Hy orbitals can use it. This is simply because the ener-
getic effectiveness of the delocalization is proportional to the overlap of
the donor and acceptor orbitals.?® The Al (3p) and B (2p) orbitals are
plotted in Figure 8. From these plots one sees that the Al 3p orbital is
much less concentrated in space and thus much less able Lo overlap the
unspiegel orbitals of Hy. Thus the same orbital characteristic that makes
the nonpolar transition state inaccessible in the reaction at AlH; (vide

supra) disallows the "unspiege!” backbonding from Hy to H.Al*.

The bond lengths in the MH3 molecule are critical in determining the
extent of back-donation {rom Hy onto the pm orbital of M, owing to the
exponential decrease of the overlap of the pr and Hg orbitals with dis-
tance. These bond lengths are determined by the spatial extent of the
valence orbitals, which are in turn determined by the size of the M core
orbitals. Since the Li-H bonds are shorter than the Rb-H bonds, the

back-donation from Hy to Li* is not insignificant, but the extent of the
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analogous donation from Hy to Rb* is minimal (see Figure 4). A more
direct effect of the core electrons on the m-backbonding can be seen in
Figures 3 and 4. The four valence orbitals of MH, all must stay orthogonal
to the core orbitals on M. This places particularly important constraints
in the cases of HpAlH; and Cul; where the antisymmetric Hy orbitals
neatly outline the core region on M. The Pauli Principle-induced core-
valence repulsion diminishes the stabilizing effect of Hy to M* delocaliza-
tion. It is important to note that the cases showing the strongest n back
donation (LiHs, BeH,, and BH;) are first-row complexes in which the metal-
lic cores are ls orbitals. Since there are no core orbitals of unspiegel
symmetry, the Pauli Principle is immediately satisfied with regard to this
r backbonding. Therefore, there will always be the tendency for activa-
tion barriers in these 2 + 2 reactions to be smaller for first-row reactants
than for the analogous lower row species (all else being equal}. Our

results (Table I) substantiate this.

In previous work? we showed thal the presence of transition metal
valence d orbitals can render nonpolar 2, + 2, reactions o be allowed.
Here we have presented data which show that the 2, + 2, reactions at
CIMnH and Cu-H are both very high in activation energy {i.e., forbidden)
What is the cause of this?

The bond in CuH is polar and is observed to involve only a small
amount of d character on Cu (Figure 8). Similarly, the fourth orbital of
the CuH, transition state uses only a very small amount of Cu d-space
(Figure 4). In either case the five d orbitals on copper are filled and thus
cannot be used further. Copper cannot take advantage of the valence d
orbitals that separate the transition metals from the main group ele-

ments. These two cases emphasize our claim thal transition metals can-
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render these 2, + 2, reactions allowed only if the d orbitals can be used

efleclively during the process.

In a similar way, the Mn-H bond in ClMn-H is polar, using an sp hybrid
orbital on manganese and an s orbital on hydrogen. In the CIMnHj; transi-
tion state, the "fourth electron’ resides in an orbital that has only a small
amount of metal character. The case of CIMnH is quite different from.
say, that of Ci,TiH because the five singly-occupied d orbitals are coupled
into a particularly stable high-spin (sextet) state (recall Hund's Rule).
Bonding to one of these orbital in either CIMnH or ClMnH; would cause an
increase in the total electrostatic energy of the complex of 40 kcal/mol
because of the Pauli Principle;EQ therefore, utilization of d® Mn d-like
functions is “forbidden” unless the spin state of the complex is changed.
In the absence of a lower spin coupling, the Mn-H and MnHs bonds have
essentially no d character. Therefore, even though the metallic valence d
orbitals have the proper symmetry and spatial extent to stabilize the
transition state for the 2, + 2, reaction, they are not used. In this way,
the Mn of CIMnH is functionally notf a transition metal. In both the reac-
tions (CIMn-H and at Cu-H), polar transition states for the 2, + 2, reaction
are observed, making these reactions look like hydride transfers or
heterolytic Hz activation. The available unspiegel orbital on the metal is
4pr-like, which in each case is too diffuse and too far away from the Hg
fragment to be used in # back-donation; therefore these reactions behave

like high-energy main group reactions.®°

b. Relattve Activailion Barriers

Our results indicate that one extreme of suprafacial 2 + 2 reactivity

is polar, as in Eq. (8).
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In this case the "'metal center” is cationic in the transition state; there-
fore we claim that the activation barrier for this polar 2, + 2, reaction will
be lower when the "metal center” is more cationic in the reactants, i.e.,
when the M-H bond is'more polar in the M*H™ sense. As a direct corollary,
the activation barrier for the MH + D; exchange reaction thaf proceeds
through a polar transition state will be lower when the ionizaticn poten-
tial of M is lower. This explains why the barrier for the exchange reaction
at NaH is higher than that for the reaction at KH and RbH; why the bar-
rier is higher for the reaction at ClpAlH than for that at HzAlH; and why the
barriers for the exchange reaction at CuH and CIMnH are so high relative

to the Group IA and Group I1A reactions.?’

This simple rule must be modified to include the effects of back
donation from Hg to M* that will tend to stabilize the transition state and
therefore lower the reaction barrier. For exampie, in Table ] we find the
exchange reaction at LiH to be 8.3 kcal/mol lower in energy than the
corresponding reaction at NaH, despite the fact that IP(Li} > IP{I\'a},Bl
seemingly voiding our simple claim concerning relative rates and ioniza-
tion potentials. Reference to Figure 4 will show that there is significantly
more © backbonding from Hs to Li* than from Hg to Na®, as is expected
owing to the greater ability of first-row atoms tc form strong = bonds.
Thus, the simplest description would say that the activation barriers for
the LiH and NaH reactions should be roughly equal, but the intrusion of a

slight bit of "nonpolar” reactivity into the polar reaction lowers the LiH +

Hz reaction barrier.
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3. Resolution of the Dichotomy

The separation of the 2, + 2, reactions into two types, polar and non-
polar, is obviously an idealization and each of the reactions described in
this work is a mixture of the two extremes. Thus the hydrogenolysis of
RbH is clearly a polar reaction, and the hydrogenolysis of BH; is clearly
nonpolar, but the hydrogenolysis of BeH; is less obviously one or the
other. In all cases studied, the predictions have been clear, however. lf a
"metal” cenier can form the "n-bond” to the anilisymmetric, singly-
occupied orbital of Hs (that is, if M is boron or a high-valent early transi-
tion metal), then the nonpolar route is accessible. If, on the other hand,
M is easily ionized (i.e., if M is a Group |A metal), then a polar transition
state is observed. Finally, if neither of the above requirements is met
(e.g.. M-H = ClAlH, HpAlH, ClMnH, CuH, HBeH), then the 2, + 2; reaction will

have a high activation barrier.
C. Qualitative Kepresentation of the Transilion State

Throughout our analysis, we have found it quite helpful to conceptu-
alize the transition state notl as a complex of two reacting molecules but
as a complex formed between two fragments (M and H;) whose indepen-
dent identity lies in a direction perpendicular to the reaction path. In
this way we can appreciate the transition state as a molecule (albeit
unstable) and understand its electronic structure and energetics with the

same cognitive tools used in the study of stable molecules.

In the investigation of pericyclic reactions such as the 2, + 2, reac-
tion, the two reactive fragments will contain delocalized valence bonds.
In the present example, the Hs fragment contains a bond that cannot be
localized between jusl two centers. This delocalized valence bonding

highlights the synchronous movement of two two-electron bonds in the
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pericyclic process.

The dissection of the transition stale into these two fragments is use-
ful because we can examine each separately, qualitatively and quantita-
tively evaluating the factors aflecting their energies. Having understood
the separated unils, we may then analyze the bonding of the two, which
gives the transition state its structure. For example, the (H;B)(Hj) transi-
tion stale is formed by a thrée-center bond between boron and its two
neighbor hydrogens. In order to form this bond, the H;B radical was
excited to the unspiegel stale and the Hg unit was geomeitrically distorted
so thal its unspiegel orbital could overiap the boron orbital effectively.
These adjustments of the fragments cost 33 kcal/mol and 12 kcal/mol,
respectively. Below we outline how this energetic analysis can be used to

extend our results.

Similar dissection can be of assistance in envisioning transition

states {or other pericyclic reactions.

i) The transition state {or the insertion of clefins into metal-hydrogen
bonds 2 (vide infra) can be viewed as the bonding of the excited

unspiegel state of the metal fragment to be a severely distortied

M /F\CH'
,c\o (8)
H H

ethyl radical (9).

ii} The transition state for the [1,3] sigmatropic shift of an allylic
methyl groupa"3 may be viewed as the complex formed between an

allylic radical and a (planar) CH; radical (10).
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H

]
AT 0

—ufc e CH —
H /C"" 2"';,(: H
H @ K0
iii) The [3,3] sigmatropic shift (Cope and Claisen rearrangements) may
be visualized-as proceeding through a transition state formed from
two allylic radicals bound to one another via their respeclive

unspiegel orbitals (1 1).33
»

(11)

These diagrams show that this analytical scheme represents a valence

bond relative of frontier orbital analysis.

Important aspects of these reactions (relalive rates, selectivities,
stereochemisiry, etc.) could be explored by studying the ways in which
the independent fragments (ethy! radical, allylic radicals, etc.) can be
electronically and geometrically distorted and the energies needed to do

50.
D. Implications and Ezlensions

In this work we have described the general [eatures of 2, + 2, reac-
tions carried on in the absence of available valence d orbitals at the
unique center M These studies have all invoived the addition of the non-
polar reagent H; to M-H bonds that were polar to a grealer or lesser
degree. Qur studies have shown a spectrum of reactivities from the very

polar four-center transition slate characterisitic of rubidium to the
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nonpolar transition state of boron. We have shown how the nature of MH
will determine the propensity to undergo the exchange reaction with D

We will now generalize these conclusions to other systems.
1. Alkali Metal Alkyls

Topologically there is not a great difference between the Li-H bond in
lithium hydride and the Li-C bond in a saturated lithium a.l}p:yl?’4 (see Fig-
ure 13). Aside from the obvious steric considerations then, the hydroge-
nation of LiH [Eq. (10)] should lock much like the hydrogenation of LiR (R
= alkyl). The major electronic difference in the 2, + 2, transition state for
the direct hydrogenation of LiR is the increased electronegativity of car-

bon over hydrog en.®®

This increased electronegativity implies a greater
ability to sustain charge; thus any process involving carbanionic behavior
at the a carbon in a lithium alkyl will be lower in energy than the

corresponding reaction of lithium hydride.

Lithium alkyls are known to react with hydrogen to give alkane and
lithium hydride.36 We hold that this reaction proceeds either through a
direct four-center transition state analogous to Eq. (4) or through an oli-
gomeric equivalent thereof. Vitale and San Filipp037 have recently
reported evidence that supports the four-membered, direct hydrogeno-
lysis, cyclic transition state. They observe very large and negative values
of 83% for hydrogenolysis of n-octyl lithium with H; at 50° < T < 80°C. They
interpret this as a suggestion of a highly structured transition state
drawing a cyclic, four-membered species. They further observe that
addition of n-domor bases (such as TMEDA) leads to substantial rate
acceleration. The polar mechanism we invoke in the LiH/D, reaction is
supported by this. Note that the LiH; transition state is polarized more

than is the LiH reactant. Therefore the n-donor base is expected to sta-
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bilize the transition state more than the reactants, thereby lowering the

aclivation barrier and increasing the reaction rate.

It is important to note here that the rate of hydrogenolysis of alkali
metal alkyls increases in the order Li <« K < Cs. This is directly in line
with our prediction thai the polar 2, + 2, transition state will be Jower in

energy if the ionization potential of the metal center is lower.3®

The polar mechanism nicely accommodates the essential fealures of

ithe apparent 2, + 2, reactivity of the alkali metal alkyls.
2. Addition of M-H to Olefins

We may use the studies reported here as models for the correspond-
ing reactions of metal hydrides with olefins. Equation (12) indicates the

topological similarity of the two processes.

M:—H MJ_H
5y o o
olefin diydrogen

While the absolute energetics of olefin insertion will be different from the

reaction with D, the general trends will be similar.

Consider the analysis of the H/D exchange reactions given in Part B.
There we thought of the MH, transition state as the complex formed
between Hy and M, and analyzed the stability of the transition state in
terms of the type and sirength of the bond formed between these two
units. A strict analogy for the olefin/metal hydride reaction would
analyze the bonding between M and CHy-CH,-H. Immedialely one sees an
‘ interesting difference between the olefin and Hp(D;) reactions: whereas Hs

is not a stable molecule, the ethyl radical is (albeit reactive). This should
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have important consequences for the structure of the reaction coordi-
nate diagram for the olefin insertion reaction. In particular, we expect
the transition stale to occur earlier in the olefin insertion reaction than it
does in the H/D exchange reaction.® In fact, the transition state for the
olefin reaction may occur so early that it would eppear as though the
transition state for hydroboration, for example, is not a four-center peri-
cyclic state all all but rather the "m-complex" suggested by Fehlner® and
by Dewar*! [Eq. (13)].

+ _..H

R ) e L
-~ .
HL=CH, l CHy (3
Ha8-CHaCHy-H

Since the electronic reorganization defining the reaction (spin-recoupling
or, equivalently, the delocalization and relocalization of one-electron
orbitals) will still be of the pericyclic four-center type, we may use the
H/D exchange reactions as general guides in the analysis of the olefin
reactions. Before discussing particular olefin reactions in detail, we note
that, in general, olefin should react more quickly than Hp; with metal
hydrides (in a 2, + 2, reaction) for two reasons. Firstly, the strength of
the C-C m bond of an olefin is about 81 kcal/mol,*? which is significantly
less than the 104 kecal/mol bond of Hg.f*a Thus, one expects that the dihy-
drogen molecule will usually react more sluggishly. Secondly, the plots in
Figures 3, 4, and 5 and the datla in Table IV indicate that the dihydrogen
molecule is smaller than the optimum size to make part of a four
- membered transition state, especially in the case of nonpolar reactions

where the cyclic bonding nature of the transition siate is important. One
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can see especially in the case of BHs + H; that the electronic optimum
angle at boron in HyBHs is 180° therefore 2 + 2 substrates that permit a
larger internal angle at boron will react more quickly. Both simple esti-
mates and Dewar's MNDO calculations®! show that an olefin does allow a

greater internal angle (116.5°).%

Based on the above argunients, we believe that addition of metal
hydrides to olefins will occur by the same spectrum of reactivities, from
nonpolar to polar, as the addition of these hydrides to H,. Wheﬁconeerted

four-center transition states occur® [Eq. (14)],

M—H (Y IRRRPRPS H ¥ M H

L e~ .-. ’ '-‘ [T, \

HaCoCH, ComCH, | HC—CHy (14)

those involving alkali metals will be polar (cf. LiH, NaH, KH, RbH), as will
those involving alkali earths (cf BeH:) and those involving transition
metals whose valence do orbitals are NOT available at the transition state
(cf. CIMnH and CuH). The addition of RpAl-H across the # bond of an olefin
will occur through a much more polar transition state than the

corresponding addition of RpB~H.

The addition of alkali metal hydrides to olefins is not an important
reaction, but the reverse [Eq. (15)] is a common pathwayv for the thermo-

lysis

of organcalkali metal compounds.46 The four-center transition state for

this decomposition has been suggested, and evidence supporting this



52

structure has recently been reported.“ 1t is interesting to note that this
decomposition follows Zaitsev's Rule,® a rule that is consistent not only
with E, elimination but also, in this case, with the polar four-center tran-

sition state in which positive charge develops transiently on the g-carbon.

9 reactions have been

The hydroborav.tion2 and hydroalumination®
extensively studied and used in organic synthesis. The hydroboration
reaction is known to be more facile than the analogous hydroalumination
reaction, which is consistent with our calculated barriers for the
exchange reactions with Dz.ﬁo The exclusive cis-addition®! observed in
both reactions implies an eflective four-center transition state. The
sense of addition in each case leads to placement of the "hydride” on the

b2 This has been attri-

more substituted carbon of the incoming olefin.
buted both to polarization®® (of the form 3) in the transition state and to
steric effects.®® Our results suggest the former to be more important in
hydroalumination than in hydroboration, and that the latter effect dom-

inates the directing of hydroboration.
3. Addition of Metal Alkyls to Olefins

We combine the previous two sections to discuss the reaction shown
in Eq. (16) and concentrate on the difference between trialkyl boron and

trialkyl aluminum compounds.

] ~ts * i
M e .C M C

+ ! e M. ’c}-h ———— \

/
H,yC=CH, =0, (16)

As a prelude to the discovery of transition metal-catalyzed stereoregular
polymerization of simple clefins, Ziegler discovered that olefins will insert

into the Al-C bond of trialkyl aluminum compounds® [Eq. (18), M=AIR,).-
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Despite the fundamental similarity between the structures and reactivi-
ties of aluminum and beron compounds, no such insertion reaclion is
observed between simple olefins and trialky! boron cc»rnpmmcls,55 this
despite the fact that dialkyl boranes react much more quickly with olefin

than do dialkyl alanes.®® Our studies offer an explanation of this paradox.

As mentioned above, the predominant electronic difference between
trivalent carbon and hydrogen in compounds of the form M-R (R = alkyl,
hydrogen) is the greater electronegativity of carbon. Thus, in any reac-

tion involving a polar transition state [{Eq. (17),

M— R R *
ot

+ .-
+ et | M2L, : — M Y 17
. § xf’y \X/ \R (17)

one would expect a faster reaction for R = alkyl than for R = H ignoring
sterc considerafions. In conirast to this, steric congestion and directed
valence and carbon make frontside attack (insertion) of an olefin at a
metal alkyl bond more difficult. For this reason we expect a strictly non-

polar insertion reaction [Eq. (18)]

+  —m B ——w
A B e \A/B\R (18)

to proceed more quickly for R = H than for R = alkyl.

Our results on H/D exchange at BHy and AlHy show that trivalent
boron tends to suppori nonpolar 2, + 2, reactions and ihat trivalent
aluminum tends to support pelar 2, + 2, reactions. Since there is not
"polar driving force” to overcome the hampering effect of steric crowd-
ing at the iransition state, we expect the B-H bond to be much more

active than the B~CRy bond in 2, + 2, reactions. However, since the 2,+ 2,
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reactions at aluminum are polar, significantly more polar than at boron,
transition state polarization will make the Al-CR; bond relatively more

reactive than the B-CR; bond toward incoming olefin.

This is an example showing how the bisection of 2, + 2, reactlivity into
the polar and nonopolar extremes and the determination of which factors
affect which reactivity patterns could be useful in the analysis and design

of catalysi systems.
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IV. Conclusion

We have examined len pericyclic 2, + 2, reactions of H; with a metal
hydride. In none of these cases were transition metal valence d orbitals
used in the reactants, products, or transition state. We found these
four-center reaclions Lo be low energy (allowed) for the monomeric alkali
metal hydrides, and in each case a polar [M*Hy ] transition state obtained.
We also found a low energy reaction at BH; that proceeds through a
covalently bound, nonpolar transiticn state. We found the remaining five
reaclions to be sufficiently high in energy that we consider them to be
“forbidden', even though all bonds are retained throughout each reac-
lion. We assert that a low ionization potential of M promotes polar 2, + 2;
reactions at M-H and that the ability of M to make ~ bonds promotes non-
polar 2, + 2, reactions at M-H.

These "main group” reactions afford a useful counterpoint to the

migratory insertion reactions of organoiransition metal complexes.‘}
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APPENDIX: Delails of the Calculations
A Bas-is Setls and Effective Folentials

Wavefunctions for species discussed in the text were calculated using
the generalized valence bond techm’quee and the GVB2P5 program.56
These calculations were fully ab initic and all electrons were included in
all of the calculations except those cases involving chlorine ligands. In
these cases, the ten core electrons on chlorine were replaced by an ab
initio effective pointial.57 Throughout these calculations, valence double

56 and a triple zeta basis set

zeta basis sets were used on the heavy atoms
was used on the hydrogen atorns.5® The triple zeta basis was used so that
the wavefunction could describe any charge on H (H* H- or neutral H
atorn) with equal facility. The valence electrons on chlorine were

described using a minimal basis. %

B. Geometries

The geometries of all of the active species (i.e.,, MH and MH;} were
optimized. These optimizations were all performed at the Hartree-Fock
(HF) level except the cases of CIMnH and CiMnH, which were performed at
the GVB(1/2) and GVB(2/4) levels, respectively. The geometries of the
simple diatomic molecules, of the simple binary molecules (BeHg, BHg, and
AlHs), and of the manganese-containing molecules were optimized in a
point-by-point fashion, while the geometries of all other molecules were

61

optimized using an HF-based gradient optimizalion program.”™ A Cu

symmelry was assumed {or all MH3 complexes.
C. Wavefunctiions and Activalion Barriers

At the optimum geometry of MH, the GVB(1/2) wavefunction in which
the M-H bond is described in a GVB sense was calculated. These calcula-

tions provided the GVB orbital plois shown in Figures 2, 3, and 6. At the
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optimum geometry for each MHs complex, a GVB(2/4) wavefunction was
calculated. In this wavefunction the two active bonds (H---H - H and
H- - M .- H) are described by four singly-occupied orbitals. One bond
pair is symmetric (i.e., spiegel) with respect to reflection in the plane
perpendicular Lo the plane of the reaction and containing M and the cen-
tral hydrogen; the other bond pair is antisymmetric with respect to this
reflection (unspiegel). Our studies of the reaction of Cl,TiH* with Dp indi-

cated that this restriciion is a valid orwz.4

In order to determine activation barriers for the exchange reactions,
the total energies of MH + H; and (M)(Hs) are compared; hence it is
important to determine calculational schemes that will describe the
three species consistently. We have found the [ollowing scheme useful.
The (M)(Haz) species is described by a configuration interaction (CI)
wavefunction derived from the GVB(2/4)-PP wavefunction. The GVB-PP
wavefunclion was supplemented by the two additional spin eigenfunctions
characteristic of a full GVB wavefunction (GVB-RCI). From this set of six
spin eigenfunctions, all singié excitations into the virtual orbitals were
allowed. This results in a small CI (in the case of H,BHs, this gives only 87
spatial configurations). This CI wavefunction allows relaxation of all orbi-
tal orthogonality and spin-coupling restrictions involved in interactions of
the reaclive orbitals and is expected to yield accurate barriers. In the
limits of reactants and products, this wavefunction reduces to =a
GVB(1/2)-PP wavefunction on MH and on H;, except in the case of CIMnH
in which there are additional spin recoupling terms arising from the &°
part of the wavefunctions. Total energies for the active species at the

various levels of calculation are reported in Table V.

Using this calculation scheme and the simple triple zeta basis on
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hydrogen, we calculate a barrier of 14.6 kcal/mol for the H + H; reac-
tion 52 This compares favorably with the best available value of 9.90
kcal/mol.®? Inclusion of a set of unscaled p functions on each hydrogen
lowered this barrier to 13.3 kcal/mol. Addition of a set of unscaled p
functions on the active hydrogen in the BH; and H, reaction lowered the
activation barrier from 28.0 kcal/mol {o 17.5 kcal/mol, but interestingly,
the addition of a set of d function on boron lowered the barrier only 0.7
kcal/mol to 18.8 kcal/mol. We therefore believe that our activation bar-
riers are systematically high by roughly 10 kcal/mol owing i{o the
deficient basis on H, but that the inclusion of d functions in the valence
region of the main group centers has a negligible effect. Thus, even when
given the chance, the main group atoms do nof use d orbitals. While our
values for the activation barriers are thus only approximate in an abso-

lute sense, we believe that the relative activation barriers are reliable.
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Table I. Barrier heights for reaction 4.

AE H\H
MH + H, ——> M
Ny~
M-H AE (kcal/mol)
LiH 27.4
NaH 33.7
KH 27.8
RbH 25.7
BeH, 43.9
BH, 28.0
AlH, 46.0
CLAIH 56.8
CuH 50.1

CIMnH 50.8
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Table II. Mulliken populations,
He
7N\
M—H > M HB
\. 7”7
Ha
Reactants Products
M M H M Ha Hﬁ
Li 2.79 1.21 2N 1.24 0.81
Na 10. 62 1.38 10.30 1.43 0. 84
K 18.53 1. 47 18,17 1.48 0.86
Rb 36.52 1.48 36.20 1.47 0.86
HBe 1.20 + 3.60 1.20 1.19 + 3.59 1.21 0.81
H,B 2x1.04 + 4.88 1.4 2x0,96+5.3 0.99 0.81
H,Al 2x1.29+ 12,13 1.29 2x1,254+ 12,17 1.25 0.83
CLAl 2x7.45+ 11,89 1.21 2x7.43+ 11.86 1.25 0.78
CIMn 7.43 + 24. 37 1.20 7.41 + 24.33 1.24 0.78
Cu 28,82 1.18 28.6 1.29 0.7
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Table 10. GVB Pair Overlaps for the Active Bonds in the MH + D; Reac-
tions.

GVB Orbital Overlaps

System M-H Bond R e ‘metric bond
Lig 0.84 0.86
LiH 0.73

NaHg 0.83 0.86
NaH 0.69

KHy 0.83 0.88
KH 0.67

RbHs 0.81 0.85
RbH 0.66

HBeHs 0.84 0.88
BeH; 0.82

HsBH, 0.84 0.87
BH; 0.83

HoAlH, 0.84 0.87
AlHg 0.80

ClpAlH, 0.84 0.85
Cl,AlH 0.80

CuHj 0.83 0.87
CuH 0.72

CiMnHs, 0.83 0.90
CiMnH 0.77

He 0.80

Hy 0.82 0.86

Ha 0.86
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Table JV. Geometries and Geometry Changes in the Reaction MH + D,.

H
M—H -—%» Mf c}ﬂ
H

M-H bond length®

H-H bond length™ P

Transition

M Reactants State Change MR, 4, a, 4,
Li 1,654 1. 744 0.079 1.053 0.311 0. 134 -0. 026
Na 1. 967 2.130 0.16 1. 057 0.315 0,138 -0, 022
K 2,434 2,543 0.109 1. 060 0.318 0.141 -0.01¢
Rb 2.60 2,692 0. 082 1,053 0.311 0,134 -0. 026
HBe 1.335 1.479 0. 144 1. 070 ¢. 328 0,151 -0, 009
B,B 1.18996 1.200 0.100 1.075 0.333 0,156 ~0. 004
H Al 1.5893 1.74 0,185 1,069 0. 327 0,150 -0.010
CLAl 1.5521 1.720 0.168 1.088 0,344 0,167 +0. 007
CiMn 1,768 1. 955 c.178 1,083 0. 341 0,164 +0. 004
Cu 1.577 1.819 0. 242 1.115 0. 375 0,198 +0.03¢
M ] a

Li 72. 6° 157.9°

Na §9.1° 166. 0°

K 48.0° 168.7°

Rb 46.0° 168.0°

HBe 87.2° 144.7°

H,B 88, 0° 131.8°

HAL  70.9° 148.8°

CLAl 4.2° 145, 0°

CiMn 65, 2° 153°

Cu 74.1° 158. 8°

3} Values in X.

b) A, = difference between MH, H-H bond length and H-H length in H, (= 0.742 &)
A, = difference between MH, H-H bond length and H-H length in H, (= 0.919 k)
A, = difference between MH, H-H bond length and H-H length in H; (= 1.078 &)



Table V. Final Total Energies at Relevant Levels of Calculation.®
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)

System Hartree-Fock GVB(n/2n) RCI+Singles
LiHg -9.060362 -8.07701% -8.091512
LiH -7.9689470 -7.986885

NaHj -163.238743 -163.258235 -163.269978
NaH -162.175486 -162.154820

KHs -800.0B0723 -600.0573686 -600.112417
KH -598.888230 -9898.008507

RbHj -2836.983708 ~-2837.000427 -2837.015670
RbH -2935.887182 -2935.908615

HBeH, -16.864764 -16.820579 -16.833264
BeHsz -15.741708 -15.755146

HzBHa -27.431873 -27.448834 -27.464450
BH; -26.347127 -26.360825

HeAlH3 -244 354429 -244 370703 -244.384809
AlHj; -243.285144 -243.309851

CloAlH3 -1162.253917 -1162.269707 -1162.282227
CizAlH -1161.209153 -1161.22458527

CuHa -1638.828178 -1638.844184 -1638.857591
CuH -1637.770560 -1837.789636

CiMnHg -1607.750028 ~-1607.764943 -1608.780813
CiMnH -1608.69266 -1603.708580 -1608.713610
He -1.12826 -1.148143

H -0.499840

Ha -1.6899872 -1.600247 -1.624308
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Figure 2. GVB orbitals describing the reaction of BHy with D,. (i) Reac-
tants. (ii) Transition state. (iii) Products. The separation belween the

contours is 0.05 a.u.
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Figure 3. GVB orbitals describing the reaction of KH with D;. (i} Reac-
tants. (ii) Transition state. (iii) Products. The separation between con-

fours is 005 a u.
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Figure 4. Fourth active GVB orbital describing the transition state of the
reaction of MH with D; (see text). The separation between adjacent con-

tours is 0.05 a.u.
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Figure 5. Singly-occupied orbitals. (&) The 4s orbital on K atom. The
separation between adjacent contours is 0.025 a.u. (b} The sp®>type orbi-

ial in the BH; radical. The separalion between adjacent contours is 0.05

aiu.
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Figure 6. GVB orbital (singly-occupied) on M that participates in the M-H

bond in MH. The separation between adjacent conlours is 0.05 a.u.
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Figure 8. Atomic valence p orbilals on {a) boron and (b) aluminum. The

separalion between adjacent contours is 0.05 a.u.
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Figure 10. GCVB orbilals describing the C-C = bond in ethylene. The

separatlion between adjacent contours is 0.05 a.u.
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40 kcal/mol

~ 100 kcal/mol

.

80O

~ 185 kcal/mot

H\
L H-iB H
T N\

28.0 kcal

- -

Figure 11. Schematic represeniation of the energetics of formation of

the antisymmetric H-- - B - - H bond in H;BHa.
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Figure 12. G\B orbitals describing the {wo delocalized valence bonds of
By. (a; The spiegel bond. (b) The unspiegel bond.



82

¢‘O bond |

e . v - —— . e s e s ]




83

Figure 13. G\B orbitals describing the C-Li bond in methyllithium. The

separation between adjacent contours is 0.05 a.u.



C—Li bond in methyllithium
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Chapler 3. Dichlorolitanacyclopropane.

“If a substance is & hybrid of two or more structures, we might r.zturally
suppose that ils chemical reactions would be those characterisiic of, at
any rale, all the structures which have large weights".

-G. W. ¥Wheland

"Resonance in Chemistry"
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1. Introduction

The chemistry of the enormous number of iransition-metal olefin
complexes reported in the literature is quite varied.! For example, in
some cases transition metals are known to aclivate olefins toward nucleo-

philic attack (1).?

CH,

M<—]] + :Nu—= Mo Ny (1)
CH,

while in other systems, oxidative cycloaddition (2)

M+2(Co Hy) — I\O (2)

occurs.® It is the case that metal systems that facilite reaction (1) do not

facilitate reaction (2) and vice versa.

In an attempt to determine the electronic reason for the different
reactivities of various metal-olefin complexes, we were led to examine

whether a given metal-olefin complex should be regarded

(i} as a m-complex (1),

that is, an acid/base complex with donation of the C-C n-bonding
electrons onto the metal supplemented by backbonding of the metal

dr electron pair into the antibonding orbital of the olefin n bond; or

(n) as a metallacyclopropane (2)
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CH
M | :
N
CH,

2

having two melal-carbon sigma bonds and only a single carbon-

carbon bond.*

We have concluded that some metal-olefin complexes should be
viewed as 1 and others should be viewed as 2, and most importantly Lthose
species that are best described by 1 will show reactivitly as in (1), and
species that are described as 2 will show reactivity as in (2). We suggest
that whether a complex has the form of 1 or 2 depends upon the metal,
its oxidation state, the nature of the auxilliary ligands around the metal,
and the nature of the olefin. This suggests strategies that one might use
in designing systems that will show one type of reactivity in contrast to

another.
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Resulls and Discussion

A Structure of a Metallacyclopropane

Complexes of the form XTi(C;H,) (X = anion ligand such as n®
‘cyclopentadienyl) have been reported to react with added olefin to give
titanacyclopentanes [Eq. (3)1°

Inasmuch as the predominance of this mode of reactivity over the others
open to these olefin complexes is difficult to predict using a simple
acid /base mode! of the complexes 1.8 we undertiook the detailed investi-
gation of their electronic structure. As e model we chose ClTi(CoH,) (3).
Using the procedure outlined in the Appendix [based on the general-
ized valence bond (GVB) method], we optimized the geometry of this
complex. The resulting geometry is shown in Figure la. This calculated
geometry should be compared with the structure of CpgTi(CH,) (4)

5% and shown in Fig-

recently determined by Cohen, Auburn, and Bercaw
ure 1b. The theory and experiment agree quite closely (disagreements of
0.02 A in Ti-C and C-C bond lengths), indicating that the chlorine ligands

in 3 are reasonable models for the Cp* ligands in 4. 7

We also optimized the geometry of CleTi(CoH,) using the Hariree-Fock
(HF) method (the generalization of the molecular orbital method) and
found the results shown in Figure ic (5). This indicates that the that
electron correlalion eﬁ'ects included in GVB® must be taken into sccount

for an accurate description of systems such as 3.

The optimum valence bond orbitals for the Ti-C and C-C bonds of 3.

are shown in Figure 2 where we see that the wavefunction has the form of
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a metallacycle, 2. Here bond 1 is a bent sigma bond between a d orbital
on the titanium and a p orbital on the upper carbon. Simnilarly, bond 2 is
a ben! sigma bond between a second titanium d orbital and a p orbital on
ihe lower carbon. Bond 3 is a bent sigma bond between the two carbons
of the CH,CH, moiety. Thus the GVB wavefunction describes the electron-
ics of a strained three-membered ring.g The strain in the ring is obvious
from Figure 2 because-the C-Ti-C angle is seen to be 40° (both calculation-
ally and experimentally), but the angle between the two bonding orbitals
on Ti (¢1a and gz in Figure 2) is 75°.1% This situation should be compared
wilth our observation that in the unstrained system (Cl;TiH,, 6), the H-Ti-H
angle is 75°, and the angle between the two Ti-ceniered bonding orbitals
(¢1a and ¢g, in Figure 3} is also 75°. The orbitals of Figure 2 should also be
compared with the C-C bond orbitals from cyclopropane (Figure 4). Here
the C-C-C bond angle is 80°, but the angle between the iwo bonding orbi-
tals at the same carbon is 100°.}! Qur conclusion is that the Ti(CsHe)
complexes (3 and 4) are metallocyclopropanes, not n- complezes.

B, FReactivitly of a Metallacyclopropane

The distinction of an acid-base n-complex 1 from a metallacyclopro-
pane 2 is not significant in a practical way unless one can see a clear
difference in the reactivities of the two different forms. The question

then is, what reactivily is expeciled from the dichlorotitanacyclopropane?

Recently we have examined exchange reactions of H, with several

metal-hydrogen bonds!? [Eg. (4)]
LnM""’H*DZ““"'"—"‘"_ LnM“"D"'HD (4}

and found that the concerted, suprafacial 2 + 2 reaction shown in Eq. (5)

is allowed
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oH-,
LanM—H+D, —= | LyM Df—=L M—D+HD (5

D"
(that is, it has a low aclivation barrier) if (1) the M-H bond is covalent
—(little or no charge transfer to the hydrogen or to the metal), and if (2)
the metal half of this covalent bond is predominantly d in character. The
reason that this pericyclic 2, + 2, reaction leads to a low activation energy
(i.e., is characterized by strong bonding in the transition state) is that
the metal d orbital has a pattern of nodes that allows both of the active
bonds to be refoined at the transition stale of the reaction. With regard
to this nodal patlern, there is no difference between, for example, the Ti-
H bond in Cl;TiH (see Figure 5) and the Ti-C bond shown in Figure 2. The
elecironic structure.of the titanacyclopropane and our studies of the 2 +
2 reactions at metals, when taken together, suggest that 3 should

undergo reactions as outlined in Eq. (6), where XY is some nonpolar

reagent.
CHy
Clayy| [ Clewgy. /CQ% e
CI¥” \_CH, e Sx Lhe
L

Examples of this expected reactivity are shown in Figure 8 (assuming
favorable heats of reaclion). Several of these reactions have been

Sb.e (Figure 7).

observed by Cohen and Bercaw in the Cp;*Ti{C:H,) system
This agreement between the chemistry expecied of a metallacycle and
that found for 4 confirms that these Ti(CpH,) complezes are metallacy-

cles,
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C. The Tifanium- Olefin n Complexz

In the above sections we argue that Cl,Ti(C,H,) and Cp2*Ti(CzH,) should
be viewed as tilanacyclopropanes. We next must consider whether this
form is significantly different from that of the classical rr‘complex.la In
order to explore this issue, we restricted the GVB calculations so that
there would be two bonds between the carbon atoms (as in the free
olefin) and a lone pair of electrons occupying a d orbital on the metal
having the proper symmetry to donate from the metal to the n* system
of the olefin. The geometry preferred for this "Dewar-Chati-Duncanson'-
type complex is that of Figure 1¢c. As would be expected, the n-complex 1
has a shorter C-C bond and a longer TiC bond than does the metallacycle
2 {(compare Figures 1a and 1c). In fact, the C-C bond length in the n-
complex form (Figure 1c) is quite close to the C-C bond length in Zeise's

salt!é (Figure B), long considered as a typical n-complex.

Energetic comparison shows the metallacycle form (at its optimum
geometry, Figure 1a) to be 12 kecal/mol lower in energy that the n-
complex {form (at its preferred geometry, Figure 1c). This further sub-
stantiates our claim that 4 and Cl,Ti(C;H,) are best thought of as a metal-
lacycles.

D. The Reactivity of o n- Complex

The optimized GVB orbitals describing the n-complex are shown in
Figure 9. Pair 1 (¢,, and ¢,3) shows a basic C-C n bond delocalized onto
the acidic metal, and Pair 2 {¢2o and yap) shows the delocalization of the
basic doubly-occupied Ti 4 orbital into the acidic »* orbital of the olefin.
Pair 3 (g3, 8nd pa) shows the C-C sigma bond that has been distoried by
the acid-base bonds of pairs 1 and 2. Note that the simple four-electron

2 + 2 suprafacial reaction described above is no longer allowed because
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the ability of the transition metal to form the reactive metal-carbon "d
bond" has been guenched. In this way the "transition-metal’” character of
the bonding has been eliminated and the “main group” Woodward-

-Hoffmann rules apply.15

These plots indicate thal the C-C ~ bond and the Ti lone pair are still
intact. The spin- recoupling that results in the disinlegration of these
two entities and subsequent formation of two metal-carbon bonds of the
metallacycle has not occurred. We view this bonding as the interaction of
iwo "closed-shell” molecules, CLTi (singlet) and C,H, (as opposed ic the
bonding in the metallacyclopropane, which is the interaction of two
higher spin fragments, "triplet” Cl,Ti and “triplet” C.H,}. This being the
case, the chemistry of the wcom;ﬂex should be dominated by “closed-
shell” processes, i.e., reactions in which the electrons of a bonding pair
delocalize together across the same paths. [This is distinct from the peri-
cyclic reactions in which one member of each electronic pair delocalizes

while the other remains localized (ideally) on one eenterl'm].

It is known that when the central metal is an oxidized late transition
metal [Pd(ID,18® Pu(I1).}7 Fe(l)'8], the sense of acid-base bonding is
acceplor-metal/denor-olefin. In these cases, the intrinsic Lewis acidity of
the metal is transferred to the olefin, and thus the olefin is activated
toward nucleophilic attack. Examples of this activation are shown in Fig-
ure 10. In cases where this mode of bonding obtains, the geometry of the
olefinic ligand is nol expecled tc deviate substantially from that of the
free olefin. This is due to the persisience of the double bond between the
two carbon atoms. Since this bond remains, the overlep beiween the two
carbon pr orbitals that {form the olefinic n bond is still required and &

short C-C internuclear distance results.
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Complexes between simple unactivated olefins and highly reduced
late transition metal centers (Ni°%!? Fe?,20 0ol 2! pto%2) are also quite well
known. The chief mode of reactivity of these complexes is olefin dissocia-
tion, and in this way these olefin complexes are usually used simply as

23 These com-

sources of low-valent metals in homogeneous reactions.
plexes react at the olefin with electrophiles such as proton acids, but
extensive olefinic reactivity is absent in these complexes. These observa-
tions, as well as several gquantum chemical studies and spectroscopic stu-

2

dies,“* are consistent with the bonding in these complexes being of the

acid /base type, in the sense donor-metal/acceptor-olefin.

Complexes of this form are expected to have C-C bond dislances that
are long relative to that of a normal C-C double bond. [For example, the
C-C bond length in (Pes)Ni(CoH,) is 1.43 A 2 and in LigFe(CHy), is 1.43 A 2,
compare these with r(C-C) = 1.34 3 in C;H,.] This may be rationalized
either by noting that occupation of the antibonding n* orbital reduces the
C-C bond order’3® or by noting that more effective stabilization of the
metal-centered lone pair is realized if the two participating carbon pn
orbitals overlap the two lobes of the doubly-occupied d orbital more. This
would tend to open the C-M-C angle more toward 90° {thus lengthening
the C-C bond) and bend the CH; units out of the plane of the olefin.

E. Metallacycle versus n- Complezes

In the discussion above, we pointed out that there are two distinct
forms for an M(CpH,) complex, 1 and 2. We showed that the metallacycle
form is preferred in 3 and 4. Of course, the full wavefunction of such a
complex will be a mixture or resonance of these two forms.”® We find the
stabilization of this mixing to be 2 keal/mol.?” further indicating that the

metallacycle form is preferred. Even so, the less {avored m~complex form
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can play a role in chemistry, but only after paying a 12 kcal penalty due

to loss of the favorable metallacycle character,

This situation is analogous to that of the enolate anion, which has two

important resonance structures, 7 and 8.

O 0
)k R /K
R®  CHy R™ CHp
7 8

with their relative importance determined by the character of substi-
tuents and solvent.?® Even when more stable, the use of structure 7
alone to describe the enolate would not explicitly recognize the oxygen-
centered nucleophilicity of the molecule; similarly, exclusion of 7 from
consideration would mask the carbon-centered nucleophilicity. The use
of this concept of resonance of molecules is fruitful because each reso-
nance structure has it own characteristic and distinct behavior. By
determining which canonical form is more important in a given chemical
structure, one may estimate the relative importance of the two manifolds
of re:f.ac:'tivity.29 This being the case, it is necessary to come to an under-
standing of which physical characteristics of the constituent parts of &
metal-olefin complex increase the importance of one canonical form over
the other. In the same way that different chemical environments will
enhance the imporiance of 7 or B, different environments (reaction
medium, ligands, different metal centers, etc.}) will favor 1 over 2. To
make our theory useful, we rnust outline rules for estimating the relative

importance of 1 and 2.

We can state rules for deciding when the metallacycle form will

predominate over the n-complex form:
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High-Spin Metal Fragment

The n-complex form requires a doubly-occupied d orbital on the
metal that may backbond into the n* space on the olefin.’®® Thus
metals that have stable low-spin states (i.e., low-lying states with
doubly-occupied d orbitals) will be more likely Lo form acid-bese type
complexes. Conversely, metal centers that prefer high-spin coupling
of the valence d shells (such as d?Tif, d? Ta®, and d? No®)3C will be
more likely to form metallacyclopropanes. Thus, early transition
m2ials will tend to form metallacycles and late metal will tend tc

formn c:om;:vlexes.:31

Weak C-C n Bond in the Free Olefin

Formation of the metallacyclopropane requires the cleavage of a C-C
n bond. Thereiore the metallacyclopropane form will be more impor-
tant as the C-C n bond of the free olefin is weaker. Thus, acetylenes
and olefins with strained » bonds (methylenecyclopropane, cyclopro-
penes, norbornadiene, allenes, ete.)sz will be more likely to adopt a
metallacycle form then will simple olefins. Also, olefins with
electron-withdrawing substituents that weaken the C-C n bond will
favor metallacyclopropane formeation.® Since the C-C n-bond in CzH,
is one of the strongest C-C n-bonds known, 3 ethylene will be the

olefin least likely to form a metallacyclopropane.
Strong M-C o Bonds

Since the major force stabilizing the metallacyclopropane is the for-
mation of melal-carbon covalent bonds, metal fragments that tend to
make stronger covalent bonds will favor the metallacycle form. Thus
Cl,Ti will favor metallacyclopropane less than will Cip,Zr or ClHf owing
to the greater radial extent of the bonding orbitals of Cl,Zr and
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Cl;g}-h'.‘.35 Late transition metals will favor metallacycles ]Jess than will

corresponding early transition metals for the same reason.>>

F.  Implications

- When a complex having the form M(C;H,) is judged by the above cri-
teria to be predominantly metallacyclic, it should demonstrate chemistry
associated with that of two tsolated, and strained, metal carbon bonds.
Therefore, we suggest that the oxidative cyclization reaction (2), which
has been observed for M = Cp;*Zr,5 Cp,*Ti,5P and CpCl,Ta®® should be

viewed NOT as a six-electron process [Eq. (7)]°

M—|[| + CoHy — M%“/ - O (7

but rather as the simpler four-electron insertion process [Eq. (8)].

Furthermore, we suggest that reaction (2} is not oxidative at all; the
"divalent" metal in the metallacyclopropane participates in the pericyclic
migratory insertion reaction’? to give the "divalent” metal in the metalla-

cyclopentane,

Why is it that these metallacyclopropanes react with olefins (see Fig.
6), while the corresponding dialkyl complexes do not [Eq. (9)]?36
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Hs (9)

Mew, T M M\CH3

The beautiful simplicity of the metallacyclopropane form is apparent in
the plots of Figure 2. The strain in the three-membered ring, which is
manifest in the valence bond descriptlion, stimulates the migratory inser-
tion reaction. Cyclopropane itself is stable in the presence of simple

olefins only because for carbon the 2, + 2, reaction is forbidden!® [Eq.

(10)].
- O

The presence of the metal at the apical site and, importantly, the use of

(10)

Ner———————
——

the metal valence d- orbitals in the covalent metal- carbon bond allows
the intrinsic strain of the three-membered ring to be relieved by a very

simple 2 + 2 reaction.

It is important to note thal the metal fragments {Cp*Ti, Cpg*Zr,
CpClTa, etc.) affording the reaction shown in (2) are all expected to be
high-spin @2 species.®® According to the first rule mentioned in Section
II.LE, the complex formed between each of these fragments and ethylene

should be a metlallacyclopropane.
There are also several examples in the literature where metal frag-
ments that do not have high-spin d-shells promote "oxidative cycloaddi-

tion” to give metlallacyclopentanes when they are trealed with olefins.
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Ni(O) and Ir{l) are especially effective 33 (Figure 11). In a similar way,
low-valent group V1Il metals are known to react with 2 equivalents of ace-
tylene to give melallacyc}opentadienesm (Figure 12). In all of these cases
the metal is introduced into the (often catalytic) reaction sequence as a
low-valent complex that is transformed to the higher-valent metallacyclic
product. We suggest that the change in valency occurs upon the addition
of the first equivalent of olefin (or acetylene) to give the metallacyclopro-

pane (or -propene)>>38 [Eq. (11)].

MO + = —_— Mnj

Mo-i-E ---—-—-.-Mnj

Nole that in all of the above cases the active n-bonds are weck ones (due

(11)

to strain, electron-withdrawing substituents, or the intrinsic weakness of
acetylene » bonds). This was mentioned above as the second criterion for
predicling predominance of a metallacyclic structure over a m-complex

form.
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III. Conclusions

The ‘GVB calculations on CloTi(CoH,) lead to a metallacyclopropane
resonance siructure that predominatess over the m-complex resonance
structure. The chemisiry expecied from this metallacyclopropane form
involves 2 + 2 suprafacial reactions with the sirained Ti-C bond. This

reactivily is consistent with experimental observation.

We have emphasized that the melallacyclopropane and n-complex
forms are not truly separate and distinct; however, we expect that one
form will tuke precedence over the other in any one system. This leads to
the partitioning of the chemisiry of olefin complexes into iwo classes,
that of the metallacycle and that of the n-complex. The chemistry of the
metallacyclopropane is dominated by 2, + 2,-lype reactions,!? while the
chemistry of the n-complex is dormninated by acid-base reactions resulting

from enhancement of the elecirophilicity of the olefin.2

By examining Lthe wavefunciion of one metallacyclopropane in detail,
we have been able to see the ring strain that is not at all apparent in the
n-complex form. We have seen how this ring strain plays an important
role in metallacyclopropane chemistry, owing to the suprafacial 2 + 2
reaction that, although forbidden in main group chemistry, is possible at

a transition metal Lo carbon covalent bond!
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APPENDIX: Delails of the Colculations
A. FBosis Sets and Effective Polentials

We calculated GVB(3/6) wavefunctions for the Cl,Ti{C,H,) complex.
The titanium, carbon, and hydrogen centers were described in a fully ab
initio, all-eleciron fashion, using valence double zeta basis sels on each.3?
The core electrons (1s,2s,2p) on chlorine were replaced with the SHC ab
initio core eflective pétential.w and the valence elecirons on chlorine
were described using a minimal basis set optimized for molecular

t';srmirt:um‘xen*t.s.‘m
B. Geomelry Variation

During the geometry searches, C,, molecular symmetry was assumed.
This is justified for several reasons. Firstly, all tetra- and divalent four-
coordinate titanium complexes are pseudotetrahedral®’ It seems
unlikely that the CLTi(C;H,) complexes would deviate from this. Secondly,
Bercaw and co-workers have studied Cp*Ti{C;H,) crystallographically and
found that the ethylene moiety occupies two of the "tetrahedral sites"
about the titanium atom.®® Finally, our experience with similar com-
plexes of titanium [Cl,TiHz, ClLTiH, Cl;TiH*, Cl,Ti=CHe, and Cl,Ti(CH,)s] also
indicates that there is little force driving the two "organic” ligands out of

the plane that bisects the CI-Ti-Cl angle.!%1#

Throughout these calculations, the Ti-Cl bond length was fixed at
2.328 i, and the CI-Ti-Cl angle was fixed at 142°. These are the parame-
ters calculated for ClgTinlo and since the chlorine ligands are used here
singly as model “anionic' ligands, the fixing of their positions is justified.
The C-H bonds in the complex were fixed at 1.081 A and not varied,

although the angle of depression of the methylene units was optimized.lc
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The geometry of the complex was optimized for the GVB-PP(3/6)
level wavelunction in which the motions of three pairs of electrons are
correlated. Each pair requires two valence bond-like orbitals so that six
orbitals are used for the three pairs (hence, 3/6). These six electrons are
the "achive elecirons” in this complex. This wavefunclion has Lhe flexibil-

ity to describe either the three bonds of a metallacyclopropane 8

or the three pairs of a n-complex (a lone pair on the metal, a C-C sigma

bond, and a C-C = bond) 10

10

The geomelry search was conducted as follows: (1) With R(CC) =
1.432 A and R(Ti-C) = 2.14 A, the angle of depression of the CH, units from
the ethylene plane was optimized al 21°. (2) With this angle set at 21° and
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R(C-C) set at 1.432 A, the Ti-C distance was bound to be 2.181 A (3) With
the angle of depression set at 21° and R(Ti-C set at 2.181 R. the carbon-
carbon distance was optimized at 1.460 A In this way the structure
shown in Figure la was found. [A similar geometry variation procedure
using & purely HF (molecular orbital) wavefunction gave the geometry
show in in Figure 1c.]

The GVB(3/6) wavefunction that was variationally determined is that
wavefunction described by the orbitals in Figure 2. No symmetry or
equivalence restriclions were placed on the wavefunctlion to force the

metallacyclopropane structure.

Using symmetry restrictions, we were able to force the ClTi{CoHs)
system to have a wavefunction describing the n-complex form. This was
done by requiring that iwo covalent bonds be retained between the two
carbon atoms. As expected, the GVB(3/6} (n-complex) wavefunction
prefers the geometry of Figure 1c (by 4.5 kcal/mol) over the geometry of

Figure la.

It is valuable to examine the GVB orbitals describing these structures
in more deiail. Recall thal in the valence bond {formalism a covalent bond
results from Llhe overlap of two singly- occupied electronic orbitals, say
¢ and gp. Also recall that the valence bond wavefunction, ¥wvs, can be

written as a sum of two molecular orbital configurations [Eq. (12)],
Y = (ab+ba) = (a+b)2~A(a=b) = ¢® - N0, (12)

where ¢ and ¢* correspond io bonding and antibonding localized molecu-
lar orbitals and A ~ 0.1 for a strong bond (overlap = O.B).42 The GVB pair
lewering, AE, is the energetic destabilization realized in replacing the GVB
pair (¢% ~ A%0°%) by the one configuration (molecular orbital) term (o). A

small overlap of the two GVB orbitals indicates large pair lowering energy,
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and in this case a valence bond description is greatly preferred over the

MO description.

In Table I we list these calculational results for the GVB(3/6)
wavefunctions describing the metallacyclopropane and n-complex reso-
nance structures. For comparison we include the analogous data for the

%3 the carbon-carbon bond in

two carbon-carbon bonds in ethylene,
ethane,* the carbon-carbon bond in cyclopropane,‘g‘3 the titanium-carbon

bond in ClzTi.{CHB)(H),44 and the lone pairen Tiin Clg?i.%

From these and other data we may generalize that Ti-C bonds are
characterized by bond orbitals having an overlap of ~0.6-0.65. This is
significantly smaller than the overlap of bonding orbitals in a carbon-
carbon o bond (~0.8-0.85). Also, the inclusion of the second configuration
(0°%) in the molecular wavefunction is energetically twice as important in

the titanium-carbon bond as in the carbon-carbon bond.

Data in Table | indicate that the Ti-C bonds in the metallacyclopro-
pane are quite similar to the "normal” Ti-C bond in ClzTi(CHas){H). Contour
plots of the orbitals of ithis TiC bond are shown in Figure 13. Comparison
of these orbitals with the orbitals describing the Ti-C bond in the metalla-
cyclopropane {(Figure 2) shows the bent character of the latter bond.
Similar plots of the orbitals of the C-C bond in ethane are shown in Figure
14. These two bonding orbitals point directly at one another, unlike the
corresponding orbitals of the C-C bond in cyclopropane (Figure 4). Com-
parison of the two carbon-carbon bonds with the two titanium-carbon
bonds shows that there is the same relationship between the two Ti-C
bonds as between the two C-C bonds. In this way an evaluation of these

GVB wave functions makes the strain in the titanacyclopropane apparent.

The nonpolarity of the Ti-C bonds in both the metallacyclopropane
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and Cl,Ti{CHs}{H) is also apparent {from the plots of the GVB orbitals. Note
that in each case there is one orbital that is centered on the metal atom
and one orbital centered on the carbon. As a conirasiing example, the
two GVB orbitals for the Cr-H bond of the d° sextet state of CrH* are
shown in Figure 15. This bond is polar (Cr* + H™) because both orbitals (¢,
and ¢s) are centered on the hydrogen. Not surprisingly, this polarity also
results in a higher overlap (0.77) in this bond than in a typical nonpolar
M-H bond (overlap = 0.62 in the Ti-H bond in ClaTiH,).

Finally, we can assess the shape of the titanium bonding orbital in
the metallacyclopropane by plotting the amplitude of this orbital in the
plane perpendicular to the Ti-C-C ring and along one of the Ti-C bond
axes. This plot is shown in Figure 1l6. From this it is apparent that the Ti
bonding orbital is shaped like a d, orbital, just as in ClTi*~H, Cl;Ti-H,
CloTiHe, Cl.Ti{CHg)(H), CleTi(CHg)s. ClzSc~H, CloZrd, and ClZrH, 191247 The
shape of this bonding orbital is critical when evaluating the propensity of
this bond to participate in 2 + 2 reactions, as mentioned in the above
text. The fact that there is a ring of negative amplitude about the waist
of the "dumbbell” of positive amplitude in this orbital means that the
2; + 2, substrate can approach the reaction bond from any azimuthal
direction to form the quadrilateral transition state required for the peri-

cyclic reaction.

The wavefunction that describes the n-complex form is not surpris-
ing. The orbitals in Figure 17 show a doubly-occupied d orbital in the
singlet state of Cl,Ti. Comparison of these plots with the corresponding
plots for the n-complex form of Ci,;Ti(CoH,) shows only minor changes. The
changes observed in the two carbon-carbon bonds in the CpH, unit, when

complexed to the metal, are not surprising. These bond orbitals in the
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n-complex indicate some distortion from the normal double bond in
ethylene (Figure 18), but the ring strein is not nearly as clearly demon-
strated here as in the metallacyclopropene form. Furthermore, it is not
clear from the mcomplex wavefunction that the ring strain is actually
relieved along the 2 + 2 reaclion pathway. In this way the ring strain, a
thermodynamic quantity, can at least qualitatively be related to the

kinelics of the 2 + 2 migratory insertion reaction.
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Table I. Parameters characterizing GVB orbital pairs mentioned in this

study.
GVB Orbitals
Molecule Electron Pair
Overlap A€ (kcal/mol)
P C-C bond 0.85 8.2
cyTi] |
e, Ti-C bond 0.63 19.5
CH, C-C ¥ bond 0.72 12,6
CLTie—| C-C o bond 0.87 6.3
CH,
Ti lone pair 0.84 3.1
Ethane C-C bond 0.83 9.4
Cyclopropane C-C bond 0.81 10.0
Ethylene C-C 7 bond 0. 64 8.5
C-C o bond 0.88 6.3
cLTi® " Ti lone pair 0.89 1.9
/CH3b
CI.Z'I‘i\ Ti-C bond 0. 64 23.2

H

a Reference 45.

b Reference 44.
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Figure 2. GVB orbitals describing the valence space of dichlorolitanacy-
clopropane. Spacing between contours is 0.05 a.u. The characieristic

dimension of the plol is 8.0 a,.
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Figure 3. Plois of the two Ti-H bonds in CleTiH,; (ref 10). Spacing beiween

contours is 0.05 a.u., and the characteristic dimension of the plots is 6.0

&g
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C-C obonds in cyclopropane

Figure 4. Plots of two of the C-C bonds in cyclopropane.
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HI1%D ul puoqo H—il

Figure 5. GVB orbitals describing the Ti-H bond in Cl,Ti-H.
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Figure 8. GVB orbilals describing the valence space of dichlorolitanium
(ethylene). Spacing between the contours is 0.05 a.u., and the charac-

{eristic dimension of the plois is 8.0 a,.
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Figure 11. Some reactlion of low-valent Group V1Il metals with olefin hav-

ing weak n bonds.
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A + (bipy) Ni(COD) — bipy N': l
A + (bipy)Ni(COD) — bipy Ni

@ + bipy Ni(COD) — bipy Ni

CIIr(COD) + %-——-—- ClIr

. higher
(Py), Ni + ° * oligomers
i ./CFZ
(P$,), Ni(CaHg) + Cofy —= (Py), Na\(l:'__2
{ C.F,

(Péy), N(}— A
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RI
CpCo(PR,), + 2RC =CR'— CpCq '"‘“
P
R’ R
R
_ <"
CITrL, (Np) + 2RC=CR-——>CI~——--—lr @
L R

Coe — 7~ @*’
23

N/

m + Pd,(dba) + RC=CR—= RQR

R R

Figure 12. Some reactions of low-valent Group VIII metials with ace-

tylenes.
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Figure 13. GVB corbitals describing the Ti-C bond in Cl;Ti{H)(CHs). Spacing
between the contours is 0.05 a.u., and the characteristic dimension of the

piots is 6.0 ag.
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|
C,
HyC —— CHy

C—C obond in ethane

Figure 14. GVB orbitals describing the C-C bond in ethane.
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Figure 15. GVB orbitals describing the Cr-H bond in CrH.
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Figure 18. Plot of the Ti-centered GVB orbita) in the Ti-C o bond in
dichlorotitanacyclopropane. The plane of this plot is perpendicular to the
plane of the Ti-C-C ring and contains the Ti and C atoms of the bond.
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Figure 18. GVB orbilals describing the m bond in ethylene. The spacing
between the contours is 0.05 a.u., and the characteristic dimension of the

plots is 8.0 ag.
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Chapter 4. Reactions of D, with Cl,ZrH
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I. Iniroduction

In the firsi paper of this series! (Paper I}, we showed that suprafacial
2 + 2reactions such as 1
M—H H.o1% M H
+  —a=iM D ———--' + '
D—0D D D D
g . ] £

are allowed (i.e., proceed with low activation barriers) if the M-H bond of

(1)

the reactant "hydride” is a covalent {nonpolar, bond between the two
ceniers and if this bond involves mostly d orbital character on M. Ve
compared three reactions (1, M = CLT1*, CleTi, and CizSc) of hydrides of
transiiion metals of the first series and showed that the activalion bar-
rier for these allowed reactions varied in an understandable way. In the
second paper of the series,® we presented the main-group counterpoint,
indicating that in one cese (reaction 1, M = HpB) valence p orbitals on M
couzld afford sufficient stability to the MH: transition state to ellow the
nonpolar 2, + 2, reaction to occur but that, in general, polar transition
states are found in these reactions that cannotl teke advantage of vaience
d orbitais on M. In this report we extend our studies to transition metals
the second s=ries and show that in the case of zirconium (reaction 1, ¥
= ClzZr) the reaction is again allowed, Lthat it proceeds through a nenpolar
iransition siale, and thal the difference in activation barrier bsiween
sirictly analcgous titanium- and zirconium-centered reactlions can be
releied to {undamentisl differences between the titanium and zircomium

aloms.
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II. Results

We have calculated the aclivation barrier for the reaction of ClyZrH
with D; (reaction 1, M = Cl;Zr). These calculations were based on the gen-
eralized valence bond (GVB) technique,3 using the method described in
Paper 1. The geometries of Cl;ZrH and the transition state ClaZr{H)(D);
were optimized, and the optimum geometries are reported in Tebles [ and
II. Included for comparison are the geometries optimized previously for

ClTiH and ClpTi(H)(D)e (reaction 1, M = CjpTi).

The reaction at zirconium is 4.3 kcal/mol lower in energy than the
reaction at titanium. In Table IIl we list activation barriers and Mulliken
population data for the {wo reactions. These data show that the Lwo reac-
tions are similar nol only in their low activation energies but also in the
nonpolarity of their transition states. Thus, in general terms, zirconium
responds just as scandium and titaniwmn: the 2, + 2, reaction is a "direct
hydrogen transfer’® as opposed io the "hydride transfer”, which is

characteristic of the alkall metal l'lyc:h"lcies.2

In Figure ! we show plots of the four one- electron GVB orbitals,’
which are active in the ClLZrH + D, reaction. Just as in the case of
Cl;TiH* + D, the active orbitals here are seen to delocalize to form two
three-center, two-electron bonds in the transition state. Bond 1 starts
the reaction as the D-D bond, becomes the H--D---D three-center
bond at the transition staie and completes the reaction as the new H-D
bond. Bond 2 starts the reaction as the Zr-H bond, delocalizes to {from
the unspiegel 8 4...Zr . D three-center bond at the transition state
and subsequently relocalizes to form the new Zr-D bond in the product.
For comparison we show the corresponding set of active orbitals for the

Cl,TiH + Dp reaction in Figure 2. This corroberates the conceptual similar-
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ity of the two reactions.

There is a fifth "pseudo-active" eleciron in each of these two reac-
tions since CLTiH and ClpZrH (and the related transition states) are radi-
cals. In each case this unpaired electiron is in an orbital that must
remain orthogonal to the bonds thal are in motion during the rezction.
In Figure 3 we display the orbitals that contain the unpaired electren in
the reactants and transition siates for each reaction. In Table IV we show
how the energies of these orbitals change during the reaction. The plots
in Fizure 5 show thal the singiv-occupied orbiial in both Cl,ZrH and Ci;TiH
iz in the piane of the four-center reaction. Since the orthogonalization of
this orpital to the orbitals of the reaction is not cbvialed by symmeiry, il
iz possible that it will raise the activation barrier for the pericyclic reac-
tico.

In order to understand the difference in activation barriers between
the iwo reactions, we have studied CizzrH, and ClgT‘a}%E.? In Tabie V we
compare ihe optimum geometries for the two molecules and include Mui-
liken population data that indicate the M-H bonds are noti significantly
polar toward hydrogen in either case. The fact that these M-H bonds
should no! be viewed as hydridice is highlighted by the orbita! descrip-

tions of these bonds, which are given in Figures 4 and 5.
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H1. Discussion

The outstanding difference between the tilanium and zirconium
atoms is that the valence s and valence d orbitals are closer in size in zir-
conium than in titanium® (Figure 8). This is simply due Lo the require-
ment that the 4d orbitals in zirconium bes orthogonal to the closed shell
of 3d orbitals, while the 3d orbitals of titanium have no such core orbitals
to avoid. Thnis orthogonalilty requirement iorces the incorperation of a
radial node in the 4d orbitals of zirconium, resulling in their increased

-

size. Since ihis requirement applies to the valence d orbilals of aloms i

th

=

both the second and third transition series, d orbitals in atoms of the

first zeries may be thought of as being undersized in the sams way ihat

10

row of the periodic table. %19 Since there is such a disparity in relative

sizes, the energyv of the 4s orbital on titanium is quite high (3.1 e\’)“

vis- a- vig the 34 orbitals, while in zirconium the energies of the 55 and

/

4d orbitals are close by comparison (1.8 e\’).n In Table VI we report s
and d ionization potentials for the two atoms, showing the 70 kcal/mol
energetic separation of 3d and 4= in titanium and the 40 kcal/mol separa-
tion of 4d and 5s in zirconium.

In cases such as litanium, in which there are two alomic orbitals in
the valence region of an atom that are of markedly different energy, the
more electronegative "one-electron” ligands will use the orbital that iz
the higher in energy of the iwo, leaving the lower energy orbilal Lo be
used by the less electronegative ligands. This effect can be traced to the
polarily of the M-X bond. The greater the elecironegatlivity of X, the more
imporiant the ¥*X~ component is in the description of ithe bond This

ionic component will be lower in energy when the orbilal en M, which is
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ionized, is lower in energy. Thus, the greater electronegativity of X will
resul in the grealer tendency of X Lo bond Lo the more easily ionized
orbital % Thus, in ClyTiH,, the chlorine ligands bond preferentially to the
4s orbital ontitanium, while the hydrogen aloms bond to the 3d orbitals
that remain. This is to be distinguished from the caze of Cl;ZrH; in which
there is less discrepancy in the natures of the Zr-Cl and Zr-H bonds.
Hence, while the titanium-centiered orbital of the Ti-H bond in Ci;TiH; is
747 Ti-d, the corresponding zirconium orbital in Cl;ZrH, is only 58% Zr-g1%
(in each cezse the remainder of the orbital it metallic valence s and 3 in
characier}. Stated in other terms, the energetic closeness of the zir-
conium 5s and 44 orbitals allows sl/d hyoridization to occur more {reely
(in Pauling's terms, the promotion energy is smallerm).

One resull of this {ree mixing is the larger H-M-H angle in CizZrH; than
in Cl,TiH,. This may be rationalized by noting thal simplest valence bond
ideas predict that the angle between two covalent ¢ bonds to two d orbi-
tals on the same metal will be 54.74° (or 125.26“)?'14 (ignoring steric
efiects and electron correlalion). Similarly, the angle belween two o
bonds to two s'p' hybrid orbitals in the same metal is predicted to be
180°.1°¢ In the limit of no sp-d hybridization (and ignoring steric and
correlation effects), the CI-M-Cl angle in ClL.MH, (M = Ti, Zr} is thus
prediciec Lo be 180° and the H-M-H angle 54.74° (or 125.267%}. Increased
sp-d hybridization will lead to four bonds that are more equivalent and a

concomitent tendency of the bond angles toward the telrahedral average.

The energetic disparily between valence s and valence d. also has an
effect on the electronic structure of CLMH. The metal-centered orbital in
the Ti-H bond in Cl,TiH is 65% d, while the corresponding orbital in the zir-

conium case is only 527 d.1? Interestingly, the singly-occupied orbital in



151

CleTiH is 94% d, while the zirconium-cenlered singly-occupied orbilal is
only 74% d. This further evinces the ease of s-p-d hybx'idizaiion in Zr and

the energetic difficulty of this in the case of Ti.

In Paper | we asserted that the 2, + 2, reaction, 1, would be lower in
energy for the M-H bonds, which are more d-like on the metal. Here we
present a case that violates that prescription. The reaction at CizZrH is
lower in energy than the reaction at CLTiH, even though the Zr-H bond
has less d character than the Ti-H bond {Table I}. The simple rule pestu-
lated 1n Paper | must be amended to account for the fact that an atom
such as zirconium is able io form strong bonds with its valence d orbitals
&s well as with its velence s and p orbitals. In the discussion in Paper 1, it
was assumed thal the removal of metallic s and p components of the M-H
bond when the M~H;z bond was formed would be energetically quite ccstly.
This was due to our belief that "d" bonds are intrinsically weaker than "s"
bonds. This appears to be not so much the case with transition metals of
the second row, owing to the similaritly in radial extent of the s and d
orbitals. In the case of tilanium, the overlap of the atomic 4s orbital with
a ls orbital on a hydrogen atom 1.7 ;i 18 away is 0444, and the overlap of
an astomic 3d. orbital with that same hydrogen is orbital is 0.199.%® In
the case of zirconium, the overlap of the atomic 3s orbital with the 1s
orbital on a hydrogen atom is 1.87 AV away is 0.402, while that of the
atomic 4d . is 0.304. Thus, the zirconium valence d orbilals are expected

to bond {o "one-eleciron ligands” as efleclively as the valence s. 1

In Paper Il, we proposed that the barrier {or reaction 1 depended on
the ability of M to form an "urxspiegel"6 bond with the Hjy radical. This

bond is drawn schematically in (2).
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R

»,
In this structure, the two fragments of the transition state (M and H;) are
held together by a bond between the antisymmetric (unspiegel} one-
electron orbital on M and the delocalized and antisymmetric (unspiegel)
orbital on H;. Thus we showed that the activetion barrier {or reaction 1
could be dissected into its components, one of which is the ability of the
unspiegel orbital on M to form strong = bonds. Comparison of Figures 1
and 2 and the overlaps in Tables I and Il bespeaks the grealer ability of
zirconium than titanium to form such n bonds. This is becauss the
antisymmetric {(unspiegel} zirconium 4d orbital that mediates the M~Hg
borid iz larger (in proportion) than the corresponding orbitel in
ClaTi{H){D)> This provides for greater overlap of the two orbitals of the
H- - A - D bond in the zirconium reaction than in the titaniwm reac-
tion, and this in turn leads toa lcwer activation barrier. In this way, even
though more s and p character is quenched from the Zr-H bond a! the
Cl,Zr(H)(D); transition state, the comparable strengths of the Zr "s” and
"d"” bonds makes the activation barrier for the zirconium-mediaied 2, + 2

reaction lower.
The unpaired electron on M (Table IV and Figure 3} has less eflect on
reaction 1ior M = CipZr than for M = ClpTi, as evidenced by the changes in
orbital energies. Appearentily, in neither case is the orthogonalizalion of

this orbital to the incoming D unit energetically prohibitive.
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IV. Conclusion
In this paper we have shown that

1} the suprafacial 2 + 2 reaction between Cl,ZrH and D, is allowed and
proceeds with an activation barrier lower than that for the

corresponding reaction at Cl,;TiH,

2) this lower activation barrier is due to the greater ability of Cl;Zr than

CleTi to form an unspiegel "m-bond" with Hs; and

3) this ability is due to the greater radial extent of the Zr (4d) orbital
than the Ti {3d] orbital.

We have also shown that the s-to-d rehybridization about zirconium,
which is necessary for the process of the 2, + 2, reaction is low in energy

because the valence s and d orbitals on Zr are close in size,g

energy,!
and in their ability to overlap the bonding orbitals of a one-eleciron

ligand such as H.

We have also shown that the Zr-H bond in ClZrH is quite similar to the
Zr-H bond in ClzZrH;, and that the singly-occupied orbital on zirconium in
ClzZrH is not severely affected during the 2; + 2, reaction. Given these
data, we suggest that these results [reactions of ClzZrH, an example of
"organometallic” Zr(Iil)] can be used in the analysis of the reactions of

the "organometallic” reactions of Zr(IV) c:t:)mple:xtes.19

Reactions of Zr(IV) complexes with H, (D;) have been observed by

Bercaw [(3)%C and (4)*!] and Schwartz [(6)22].

(3)
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/D
CpZZr\/;( + D, — Cc}'{Zr\H + )ﬂD

r)-i + Hz — szZsz + é (5)

Mechanisms have been proposed for these reactions that invoke either

(4)
sz y 4

migration of H(D) to the cyclopentadienyl ringzo or dipolar (heterolytic)
cleavage of Hg (Da).EE Qur results indicate that while such mechanisms
may occur, there is a simpler, direct route available to such complexes.
The direct hydrogenolysis of such Zr-R bonds (R = H, D, alkyl) has been
suggested by Brintzin\ger.éb We concur and cite these reactions as
several of the same class of pericyclic 2, + 2, reaction. Results shown in
Figure 1 and Table II indicate that these reactions should not be viewed
as heterolytic or even polar, but as nonpolar and pericyclic.

Based on the topological similarity of the H-H bond in Hp to the C-C
bond in simple olefins,® we can also extend our results o the analysis of

: 2¢
reactions such as (6,

X3Zr—H+* R — x,z/\rR ©
H

We claim that these hydrozirconation reactions can also proceed via a

very simple pericyclic mechanism invelving the four-center intermediatle

(7 0 R
Xy 2t Ch,
Ve f‘/?

J (7)
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Finally, we believe that these results can be extended to the descrip-

tion of the reaction shown in (8)%!

R
/s CaH C
Cp“;zr\ 2274 o Zr(CoHy)] 20 CDZZO (8)
H

In Paper Il of this series,?® we described the electronic structure of
Cl,Ti~CHp~CHg, indicating the strain in the metallacyclopropane ring. We

claimed tha! the reacticn shown in (9)26

. CHa .
CpLTi(CoH) SUGTEE

should be viewed as a ring-expanding migratory insertion reaction that is
pushed by this strain. We suggest that the same mechanism is operative
in the zirconium case (B). Owing to the greater radial extent of the
valence d orbitals on zirconium, the ethylene complex of Cpz*Zr is even
more likely to be a metallacyclopropane than is the ethylene compiex of

Cpz*Ti.



156

Appendix: Delails of the Calculations

These calculations were performed at the fully ab initio level?? All
electrons were inciuded in the calculations save the ten core electrons on
each chiorine. These elecirons were replaced by an ab initio effective
potential.ze The valence elecirons on chlorine were described by a
rninimal basis set that was optimized for molecular environments.®® This
bazis emphasizes the chloride character of these ligands. The metals

were described by valence double zeta basis sets, %0

and the hvdrogen
atoms by a triple zeta set.?! The geometries of the {wo titanium species
involved in the 2 + 2 reaction were described in Paper 1. The geometry of
the ClpZrH, molecule was optimized in a point-by-poinl fashion using
GVB(R/4) wavefunctions in which the two Zr-H bonds were described by
pairs of GVB orbitals.®® The geometry of Cl;ZrH was optimized at the
GVB(1/2) level,™® keeping the ClZr fragment fixed at that of the ClZrH;
molecuie. The geometry of the ClZr{H)D)z molecule was optimized at the
HI level in & point-by-point way.

The height of the activation barrier for the 2, + 2, reaction (AL in
Table III} was determined by the method described in Paper 1. In Table
VII we report the final total energies for the species pertinent to reaction

1.



Table I. Geometries of CLMH. *'P

Mulliken Populations in M-H

Bond Pair
Molecule r(M-Cl) r(M-H) #6(Cl-M-Cl) M ( IM H
vaience
(valence d) s and p)
CLZrH (2. 450 A) 1.901 A - (1217.2°) 0.55 0.43 1.03
CLTiH (2.328 A) 1.70 A (140°) 0.70 0. 37 0.87

2 values in parentheses were fixed at those from CLMH,. Other parameters were

aptimized using a GVB(1/2) wavefunction.

b Both molecules were found to be planar,

LST
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H
/
Table I. Geometries of CLM 8 ;\D. 3,b
D
Molecule r, r, 6 a
CL Zr(H)(D), 2.008 A 1.0324 60. 2° 155°
CLTi(H)(D), 1.8459 A 1,0284 A 65° 148°

2 The geometry of the CLM fragment was fixed at that of the CLMH,
molecule,

b C,y Ssymmetry was assumed for both complexes,



Table I,

H
cume + b, —2E & cm” b
Ny

Mulliken Populations

M AE Transition State Total on hydrogen GVB Pair Overlaps
D--*M---H Bond in MH,
(kcal/mol) s p d terminal | central sym antisym
Zr 17.4 0.0 0.12 0. 60 1.02 0.86 0. 85 0. 80
Ti 21.17 0.0 0.11 0.72 0.93 0. 82 0.84 0.70

681



160

Table IV. Orbital Energies of Singly-Occupied Orbitals,?

Orbital Energy of

Molecule Singly-Occupied Orbital (hartree)
CLZrH -0, 3857
CL TiH -0,5314
CLZr{H)(D), -0, 3718
CLTi{H)(D), -0, 5153

3 All values are results of GVB(1/2) 61' GVB(2/4) calculations.



Table V. CLMH,.?2
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M Geometry

r(M-H) r(M-Cl) 6(Cl-M-Cl) 6 (H-M-H)
Zr 1.86 A 2.450 A 127,2° 102.1°
Ti 1.70 A 2.328 A 142° 74. 9°

a Reference 31.



Table VI. lonization Potentials of Zr and Ti Atoms.

a,b

Ionization Energy A(=nd"IP - "s" P)
Zr [*F; (58)°(4d)* | —> Zr'[4F; (55)(44)°] 6.95 eV
ez . 39. 7 keal/mol
—> Zr [ "D; (65)"(4d)] 8.67 eV
Ti[ °F; (45 (3d)*] —> Ti'[4F; (4s) (3d)°] 6.86 eV
N . 70, 3 kcal/mol
—> Ti'[ °D; (48)"(3d)] 9.91 eV

2 Quantities averaged over J states.

b From ref 11,

291l



Table VII. Total Energies.

A. CLMH
Total Energy (hartree)
GVB(1/2)-RCI*

M HF GVB(1/2) single excitations
Zr ~4455, 32441 -4455, 34308 ~-4455, 34474

Ti -1767. 095723 -1767, 12376 -1767, 12784

Zr -4456, 42531 ~-4456, 44556 ~4456, 46519

Ti -—— -1768, 21804 ~1768. 24138

€91
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Figure 1. GVB orbitals active in the reaction of Cl;ZrH with D.. (i) Reac-
tanis. (ii) Transition state. (iii} Products. The separation beiween adja-

cent contours is 0.05 a.u., and the dimension of each plot is § a.u.
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Figure 2. GVB orbitals active in the reaction of Cl,TiH with D,. (i) Reac-
tants. (i) Transition state. (iii) Products. The separation between adja-

cent contours is 0.05 a.u., and the dimension of each plot is 6 a.u.
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Figure 3. Plots of the singly-occupied orbitals in ClpZrH, ClaZrH,, CL,TiH,
and Cl;TiHs. The separation between adjacent contours is 0.05 a.u., and

the dimension of each plot is 6 a.u.
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Figure 4. GVB orbitals describing the Zr-H bonds in Cl;ZrHz. The separa-
tion between adjacent contours is 0.05 a.u., and the dimension of each

plotis B a.u.
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Figure 5. GVB orbitals describing the Ti-H bonds in Cl;TiH, The separa-
tion between adjacent coniours is 0.05 a.u., and the dimension of each

piot is 6 a.u.
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Ti—H bonds in Cl,TiHs

H,
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Titanium and Zirconium Atomic Orbitals

Zr 5s

Zr4d(z%)

Ti4s

Ti3d(2%)

Figure 6. Valence s and d. orbilals for the zirconium and titanium

atoms. The separation between adjaceni contours is 0.05 a.u., and the

dimension of each plot is 6 a.u.
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The HZrH angle was optimized at the HF, GVB{2/4), and GVB{2/4)-
RCI levels. The oplimum angles were found to be 104.8°, 103.0°, and
102.1°, respectively. At the GVB(2/4)-RCI level, the difference in
energy for 8 = 105° and ¥ = 75° is 2.2 keal/mo], and at the HF level,
this difference is 3.1 kcal/mol. For ClpTiH,, the energy difference
between B(HTiH) = 75° and ¢ = 105° is 3.2 kcal/mol (at the HF
level).

For Cl.TiH, GVB(1/2), and GVB(1/2)-RCI calculations gave the same
Ti-H bond length to within 0.004 A. This ieads us to beHeve that the
GVB(1/2) level sufficiently accounts for the Zr-H bond length

optimization in ClpZrH.
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Chapler 5. The Effect of Hybridization on Reactions at Transilion
Metals.



180

1. 1iybridizalion of Altomic Orbitals on Transilion Metlals

In the preceding chaplers we have shown thal suprafacial 2 + 2 reac-
tions at transition metals can occur with low activation barriers. We have
also shown {wo examples in which the 2, + 2, reaction does not proceed at
low energy. even though transition metals are involved. We showed
graphically that the trend in transition metal 2, + 2, reactivity is related
io the ability of the metal to uses its valence d orbitals during the con-
certed reaction. We now turn to the direct study of how atomic s, p, and
d orbitals on transilion metals mix to form hybrid orbitals :Lhat are the
optimum orbitals {for bonding in the reactants, transition st;tes, and pro-
ducis of reactions. The goal is to appreciate the eflects that dictate
hybridization in transition metal covalent bonding and how demanding
these effects are. In particular, it is important to understand the ener-

getics of (1.

/
spd hybrid d orbitol

)R+ x~Y-—-—--/ (1)

What is the cost of the rehybridization that allows the 2; + 2 reaction Lo

take place”

We have found simple valence bond ideas! and calculations quite use-
ful in these studies. Recall simple valence bond claims that bonds are
formed by the overlap of simple atomic orbitals--there is no sell-
consislen! optimization of the sizes and shapes of the bonding orbitals.

The simple valence bond description of (2)
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®. % $atet Byts
indicates that 2
237
AR =
E 1+ 82
where
> = overlap of orbitals ¢, and gp = <g4 ¢p>
[~ S ¢ T
T = Hypp ~ Z-(Has + hipp)
and
Hy; = < 'Hegp o

L

(=)

(3)

It has been claimed that changes in overall electronic kinetic energy
=

dominate chemical bonding {see Appem:h‘:-{).3 For process {2), the change

in total electironic kinetic energy is given by

25%.
ABT = o2
1+3
where
_ S ¢
Tr = Typ = '2"'\TAA + Tgg)
and

T; = <g:T:g>; T = kinetic energy operator .

In this study we celculate AEr as a function of the spd hybridization of the

metal orbital for process (2) in which ¢, is a transition metal-cenlered

orbital and ¢p is either a hydrogen or carbon orbital. The use of simple
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valence bond wavefunctions allows the effect of hybridization to be tested
directly, and the AEr parameter is a useful one because it is a one-
electron quantity and is thus easily calculated. The results of this work
indicate that, considering the exchange kinetic energy (AEr) along, the
optimum mixture of valence s/valence p valence d in transition metal-
hydrogen and -carben bonds is 40% (s and p)/60% d; and that the discrim-
ination in use between valence s and valence p, in the spd hybridization is

not sirong.
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1. Shapes of the llybrid Orbitals

An spd hybrid orbital may be defined as in (5),

gy + Cp¥p, + adﬁﬁdzz

(5)

¥rybnd = (af + af + ad)¥

in which ¢, is the metal valence s orbital, ¢; is the metal valence p, orbi-

tal, and ¢4, is the metal-valence d_ orbital.* In the present work we used
¢s. ¥p, 8nd gq, for the metals that came from seli-consistent field

(Hartree-Fock) calculations on the appropriate atomic state/s‘ Thus, for &
particular metal and a particular parameter set (o, 2, ag), the hybrid
orbital iz completely specified.

In Figure | we show ¢, ¢, , and gq, for titanium. The s and d orbitals
:ﬂ

are taken irom the 4s%3d® state and the p orbital from the 4¢s'<p!'3d? siate
of the atom. In Figure 2 we show five orbitals that are linear combination

of ¥ and ¢q, (#ryema @ = 0, &y and aq varied, a; + ag = 1. In Figure 3 we
] 4

show ghypma (again for Ti) with ay/ a, = 1.17,° varying the (a, + &) /04 ratio.
In Figure 4 we show a third set of titanium hybrid orbitals, those with
{as + ap) /a4 set al 4/8, with the ay/ o, ratio varying.6 In Figures 5, 6, and
7, we show hybrid orbitals for zirconium, manganese, and nickel, all with
ap, = 0 and a varying as/ g ratio.?

These orbital plots show what spd hybrid orbitals on transition
metals lock like. They show that even though the s and p orbitals are
significantly more diffuse than the valence d orbitals, the sp hybridization
is quile eflective in changing the shape of the d orbital. The diffuseness
of the s and p orbitals is apparent nol only from Figure 1 but also from
the fact that the spd hybrids look so much like the parent d orbital until

(e + 05}/ 0y is large. The effects of hybridization are clear: adding s
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character to the d orbital diminishes the "doughnut” of the d orbital, and

addition of p character "points” the sd hybrid to one side or the olher.
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1lI. Bonding to Hybrid Orbitals

We assessed the importance of hybridizalion to chemical bonding in a
direct way. We prepared simple valence bond between a hybrid orbital on
the metal and an atomic 1s orbital on a hydrogen atom located at a bond-
ing distance drom the metal. We calculated the orbital overlap [S in (3)
and (4)) and the kinetic energy matrix elements, T for this simple
valence bond.® Combination of these quantities gives the exchange
kinetic energy, AB-. If we assume that this kinetic energy quantity dom-
inates the chemical bond, then a plot of AEr as a function of/metal orbital
hybridization will indicate what orbital shape is optimum {all else being
equal) for bonding to the metial in question.

In Figure B we plot AEy as a function of (ay/ ag) (&, = 0) for Ti-H [r(Ti-

Y= 1.70 ﬁ}.g This curve indicales that AL, does discriminate on hybridi-
zation, and that the optimum ratio is (oy/ &g = 41/58. Hence, kinetic
energy dictates an optimum sd hybrid that is 80% d. Figure 8 shows the
corresponding plot of AE: versus hybridization for orbitals formed from
the Ti valence d,, orbital and not a 4s orbital, as in Figure 8, but a 4s-4p
hybrid that has o/ ap = 1.17.° Here again, the optimum bonding orbital
is 57% d in character. Although inclusion of this p character doces
decrease the value of AEr by roughly 50% and increase the bonding over-
lap by 20%,10 it does not alter the amount of d "required” by AB- In Fig-
ure 10 we show the plot of AE; versus hybridization for a varying a/ ap
ratio, keeping (a, + ap)/ ag = 4/6. This plot shows the comparatively small
effect of changes in sp hybridization.

In Figure 11 we show how the value of the valence-bond orbital over-

lap changed with hybridization. It should be noted that s, p, and d contri-

bulions are needed to realize ihe oplimum overlap. The greatef*
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directi_onality of the d orbital compensates {or its smaller radial extent,
making "d bonding” competitive with "s or p bonding".

In Figures 12, 13, and 14, we show plots analogous {o Figure 8 for the
Zr-H,'! Mn-H,'? and Ni-H!® bonds. In each case the optimum value of
(0g/ 0g) is close to the value of 41/39 observed in Ti-H (37/63 for Zr-H,
45755 for Mn-H, and 43/57 for Ni-H}. Owing to this similarity for metals
as varied as Ti, Zr, Mn, and Ni, we conciude that the kinetic energy cri-
terion selects ag/ aq ~ 40760 for all transition metal hydrides.

In Figure 15 we show the valence bond orbital overlaps versus o/ aqg
for the Zr-H,Mn-H, and Ni-H bonds. These curves show the g{pected vari-

ation'* and indicate the geometrical {easibility of sd hybridization.

In Figure B we also show AEr as a function of (ag/ 0g) for the two-
electiron valence bond in Ti-C (carbon located 2.02 A from titanium,; car-
bon p, orbita! from a Hartree-Fock calculation on planar CH;). 2 Here the
optimurn hybridization of the titanium bonding orbital is 44/56--quite
close to the value of 41/38 observed in Ti-H. This indicates that the 40/60
ratio is persistent in M-R covelent bonds.

In the above discussion, only the d,. orbital was considered In
molecular sitautions, it may also be possible to covalently bond to metal
orbitals shaped like d{s® -~ y®}, ie., a d orbital having four eguivaient

lobes. In Figure B it is show that in bonding H(1s) to Ti{3d ¢}, AE- = -0.131
hartree ( = B2 kcal/mol}. If instead the Ti{3d(z® - y®)] orbilal is used, AE-
= -0.099 hartree { = 62 kcal/mol). There is, at this level of approxima-
tion, a 20 kcal/mol bias in favor of bonding to the d. orbital Since
Tas = Tpg for pa = 3d,, and ¢p = 3‘1(22 - y?), this difference in AEr is due to

differences in Tz and in overlap. The d orbital has an overlap with the
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H(1s) orbital of 0.199; the d(z®~y®*) has an overlap of 0.172. The
difference in the ofl-diagonal kinetic energy matrix element is 10 mhar-
tree ( = 8.3 keal/mol}. Thus the change in overlap dominatles this AAE:),

and a'"d,;” preference in bonding is e:«cpecied.l6
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IV. The Nalure of the Chemical Bond

The estimation of the chemical bond based on kinetic energy alone is
crude but instructive. Pauling advanced that the strength of the chemi-
cal bond is proportional to the square of the valence bond orbilal over-

-~

5
1+ 5%

lap.l? thus postulating that is proportional to 8. Our studies imply

thatl the relationship is moree complicated,la but that there is a mono-

tonic relationship between S and the bond energy.

The kinetic energy studies show that there is a powerful force urging
that ligands bond covalently to metallic d orbitals. This iorc/e is ithe high
kinetic energy that is intrinsic to the shape of 4 orbitals.'® The kinetic
energy of an eleciron in the 3d. orbital of Ti atom is 3.76 h ( = 2380
kcal/mol}, while the kinetic energy of an electron in the 4s orbital is only
0.54 h ( = 340 kcal/mol)! The tremendous kinetic energy is decreased
when a bond is formed. (Optimmum hybridization gives AE- = -0.63 h = -395

kecal/mol for Ti-H.}

Based on atomic spectroscopy,zo the energy of the Ti (3d) orbital is
roughly 3 eV ( = 88 kcal/mol) lower than the energy of the Ti (4s) orbital.
There is therefore a huge difference in the electrostatic potential (one-
and two-electron) felt by the 3d and 4s orbitals. Future work will indicate
the eflect of hybridization on the potential energy terms in the bond, but

21 indicates that elec-

al this point we can observe thal the virial theorem
trons in valence orbitals of complicated atoms do not feel a central Iorce.‘
I they did, the diflerence in intrinsic kinetic energies of the 4s and 3d
orbitals on titanium would be equal to the difflerence in 4s and 3d ioniza-

tion polentials. This is not the case.

The kinelic energy analysis suggests that the optimum hybridization



189

of the metal orbital in an M-R covalent bond should be 40% s and p and
60% d. The method of analysis ignores any polar contriibutions to the
bond. Bonds that do demonstrate significant polarity will not be
described usefully by the described scheme and the 60/40 ratio is unim-

portant.

Bonds that are nonpolar still are observed to have meial-centered
hybridization that varies markedly from 60/40.2% This is due not only to
the potential energy terms thal were neglecled above but also to the

presence at the metal of more than one ligand and to promotion energy.
e

In a case such as Cl;TiH* (Chapter 1}, the chiorine ligands bond pre-
ferentially to the titanium '4s electrons" (see the discussion in Chapter
4). This means thal the valence s and p space on Ti is not available for
free use by the nonpolar Ti-H covalent bond. This leads to a hybridization

in the Ti-H bond with accentuated d character.

Pauling defined the term promotion energy23 in reference to hybridi-
zation. Promotion energy is the energy required to prepare the bonding
configuration of an atom. Pauling claimed, for example, that the H-H
bond in H; would be stronger if the 34 orbital on each hydrogen were used
rather than the 1s, but that the energy necessary to prepare the {(3d)
stale of H atom precluded this. In the same way, a 60%d/40%s metal
orbital may be of the optimum shape for bonding, but if it cost too much
to prepare the corresponding state of the atom {(as it would in CiMn or Cu;

see Chapter 2), the mentioned hybridization would not prevail.
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V. Conclusion

We have studied how the transition metal-io-ligand covalent bond
changes with changes in spd hybridization of the metal orbital. We have
presented plols of the hybrid orbilals for Ti, Zr, Mn, and Ni, showing pic-
torially how hybridization effects changes in the shapes of atomic orbi-
tals. We have shown how both the overlap of the metallic orbital with the
bonding orbital of a one-electron ligand and the exchange kinetic energy
(AE-) change with changes in metallic orbital hybridization. We have
found that the decrease in elecironic kinetic energy relized/pn forming a
two-electron chemical bond predicts the optimum hybridization of the
metallic orbital of the M-K bond to be 80% valence d and 40% valence s
and valence p.

A more practical conclusion of this work iz shown in Figure 8. There it
is apparent that the hybridization of the metallic orbital of a metal-
carbon bond is more flexible than the hybridization of the analogous orbi-
tal in a metal-hydrogen bond.Based on the process shown in (1) this
irmplies that, all else being equal, a metal-carbon bond is more reactive

{in 2 + 2 reactions) than a metal-hydrogen bond.
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Appendix: Kinetic Energy and the Chemical Bond

P'erhaps the simplest visualization of the chemical bond relies on the
quantum mechanical particle-in-a-box. A particle in a one-dimnensional
box of infinite energy walls and of dimension a is described by a hamil-

tonian of kinetic energy alone. In the ground state, this particle has an

(kinetic) energy of —;15- (arbitrary units}. Two such systems taken

together have E = - '55"' Now consider bringing these two boxes together;
i.e., make the separation between the boxes zero and destroy the coin-
cident wall. This gives a single box of characteristic dimension 2a, which

contains two particles. If the particles are noninteracting, this scenario

has a total (kinetic) energy of {— 2—;4. Therefore, the “bond energy” of

the two boxes is {—2%?} This is the mathematically simplest realization of

the bonding question and is the basis of the molecular orbital model of
molecules. Obviously, if the particles interact with one ancther (e.g., elec-
trostatically), or if there is an external potential (e.g.. an electrostatic
central field) that is more complicated than the one-dimensional square
well, the problem will assume greater complexity, but as it stands, this
represents the gross features of the quantum mechanics of the chemical

bond.

A "valence bond"” representation of the bond between two potential
"boxes’ can be formulated with similar felicity. The resulls are less
immediately obvious but equally simply, varying only slightly from those
given in the text of this chapter.
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Assume a (valence bond) wavefunciion of the form

YR = gavp + vpia

Then

EY® = <y'P HIY'B>/ g y'®> = [Hf—sz} (<papp H ¥'P>)

1+ 52

- _S? : l t
= E(AB) + [T_;?‘}(<¢A<FB!H:WA§PB>) + LTSE—} (<gays Bizpea>)

where E(A,B) is the nonquantum mechanical energy of atom A and

= [ (<eapn Higarn> + <¢ayp Hlgppa>)

atom B placed at a bonding distance. This gives

1 _ _RBs?
[‘:s—} (Hhom = SHiose) = 7057

(Hapoa — S*Hapas)
28 )

EPerd = EVE - E(AB)

i

where

=)
i

IfH = T, + T: (i.e., hamiltonian = sum of kinelic energy operators),

then

Ebond = 2s 25%q -
14+ 52 1+ 32
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Mod. Phys., 34, 326 (1962).

S
(Tag — “é'“(TAA + Tpp)] =
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The term (of + of + af)™ insures normalization.

The ratio of (as/ap) = 1.17 was observed for the self-consistently

optimized Ti-H bond in Cl;TiH.

Since the optimum ratio of sp-hybrid-to-d was found to be 41/59
for the case described by Figure 3, the ratio of (o, + ap)/ ag was

kept at 40/60 throughout this test.

The metal bases used were taken from A. K. Rappea, T. A. Smedley,
and W. A. Goddard III, J. Phys. Chem., 85, 2607 (1981). The hydro-
gen basis set is a six-gaussian triple zeta set found in T. H. Dun-
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of Electronic Structure Theory"”, H. F. Schaefer, Ed,; Plenum Press:

New York, 1977, Vol. 3 and references therein.
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the Caltech Molecular Quantum Mechanics Program Library.

The value of r(Ti-H) = 1.70 A was found for the Ti-H bond in CL,TiH
(a) {Chapter 1 of this thesis) and in Cl,TiH,, {(b) [A. K. Rappea and W.
A. Goddard IlI, J. 4m. Chem. Soc., 104, 297 (1982} ).

For gmpbria = {4¢s + Bpq)/N, S = 0412 and AEy = -0.406 h. For

Cryorida = |4

V2

[§93 * p + 6503] /N, S = 0.540 and AFm = -0.629 h.

R(Zr-H) = 1.86 :i; see Chapter 4 of this thesis.

R(Mn-H) = 1.7311 A see K. P. Huber and G. Herzberg, "Molecular
Spectra and Molecular Structure. IV. Constants of Diatomic

Molecules”, Van Nostrand-Reinhold: New York, 1979.

R(Ni-H) = 1.475 fx; see ref. 12.
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If
eu = (aups + agpa)/ (af + o)t
and if
<pylen> =2 0 and  <pglpp> = 6
then

¥
- _ 1
S = <¢n|gﬂH> = [m (&.O’+a45} .

Once o and ¢ are calculated, the variation of S with o,/ ¢4 is deter-

mined.
The value of r{Ti-C) is taken from ref gb.

This effect has been observed. A. K. Rappe, Ph.D. thesis California
Institute of Technology, 1981.

Reference 7, p. 121

Preliminary results of an examination of simple valence bond
wavelunctions of H, at variable internuclear separations indicate

that, phenomenologically, the strength of the H-H bond is propor-

3

iional to the 5

power of the bonding pair overlap.

Recall the kinetic energy of a particle in an orbital ¢ is the
(unweighted) average of the gradient of that orbilal; hence the
more curved the orbital, the higher the kinetic energy of the parti-
cle in that orbital.

C. E. Moore, "Atomic Energy Levels", NBS Reference Date Series,

NBES 35, U. S. Government Prinling Office, Washinglon, DC, 1671,



210
(1) H. Goldstein, "Classical Mechanics"”, Addison-Wesley, Reading, Mes-
sachusetiis, 1920, p. 68.

(22) See Chaptlers 1, 2, and 4 of this thesis.

(23) Reference i, p. 127.
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Chapter 6. Carbon-Carbon Bond Cleavage in Nickelacyclopentianes
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I. 28 + 2, Reactions in the Organic Chemistry of Nickel

The organic chemistry of nickel1

is dominated by
reactions which, at least formally, are suprafacial 242
reactions. Oxidative addition, reductive elimination,
migratory insertion of coordinated ligands into nickel-
carbon bonds and the corresponding de-insertion comprise
the set of "normal" reactions of the organometallic
complexes of the Group VIII metals. These simple reactions
have been cited as the fundamental transformations which
govern homogeneous catalysis,2 and have been studied in that
light. One of the goals of physical organometallic
chemistry must be to gain a detailed understanding of
these reactions so that they may be used in a selective way.
A) Oxidative Addition

Oxidative addition is a standard way to prepare ligand-
stabilized alkyl complexes of nicke13 (eq. 1). 1In the

Ry
Ni 4 nL + R,~R, —= LnNi (1)

R,

typical case, R1~R2 is an alkyl halide, pseudo-halide or
ether,4 although oxidative addition of C-H and C-C bonds
has been occasionally observed in the nickel triad.s It
is also claimed6 that the oxidative addition of weak carbon-
carbon 7 bonds begins the "oxidative-cycloaddition™ sequence

which has been of use to the synthetic chemist.7
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The mechanics of oxidative addition are understood
in a general way, but a detailed physical explanation of
the reaction is available only in isolated instances.8
There are undoubtedly several mechanisms operative in the
process,9 some involving a concerted, three center

10

addition, other involving S 2-type displacement of the

N
leaving group in Rl-Rz,ll and still others involving an

12

intermediate electron~transfer step. The phenomenology

is comprehensive in a practical sense: the more electron-
rich the metal center, the more facile the addition13 -
assuming the peripheral steric and electronic effects are
not pathological. Although the oxidative addition reaction
is formally a suprafacial 242 reaction, the absence of
data precludes the widespread invocation of this intimate
electronic mechanism.
B) Reductive Elimination

If oxidative addition in the step with which catalytic
processes at many Group VIII metal sites begin (by
introducing the organic substrate to the metal), reductive
elimination is the step by which they end.2 Reductive

elimination is quite well documented in the chemistry of

dialkyl complexes of nickel (eq. 2). This process, also a

R
1
LnNi/ R.-R. + LnNi (2)

R,
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formal 2s + 2s reaction, also apparently occurs via
several distinguishable mechanisms. It has been claimed
that simple metal-carbon bond homolysis initiates the
sequence in many cases.l4 The incipient radical then
"captures" the carbon fragment of the remaining metal-carbon
bond, leading to C-C bond formation and the observed alkane.
On the other ﬁand, very thorough studies, particularly on
palladium dialkyls, imply the existence of a direct,
three-center pathway for the elimination.15
As with the oxidative addition reaction, in the case
of organometallic complexes of nickel, an extensive empiricail

1,9 Reductive

understanding of reductive elimination exists.
eliminations occur upon thermolysis, oxidation and/or
photolysis. In thermal reactions, it has been ocbserved
that more basic ligands (L in eq. 2) lead to higher
barriers to decomposition.16 This has been rationalized
by the citation of the necessary dissociation of one of
these donor ligands at the initial stages of the decom-

15,17 although this has yet to be conclusively

position,
demonstrated in the case of nickel dialkyl complexes.
Oxidative induction of reductive elimination is well-known.
Although the mechanism of the reaction between nickel
dialkyls and 02 is not well understood, it is observed that
reductive elimination of alkane is the ultimate result.1

It is quite tempting to suggest the intermediacy of a
nickel (III) dialkyl cation, and there is some electro-

18

chemical evidence for this. Other examples of oxidatively-
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induced reductive elimination are less obvious. Treatment
of stable and isolated dialkyl complexes of nickel with
Lewis acids such as AlCl3 results in the low-temperature
elimination of alkane via a mechanistic pathway which is
not understood.l9 Treatment of isolated dialkyl complexes
of nickel with strongly "m-acidic" olefins such as
acylonitrile also results in the low-temperature decomposition
of the dialkyl complex,20 this time resulting in activated-
olefin complexes of nickel which certainly deserve more
attention. The mechanism of this reaction is also not
well known, but it has been claimed that the olefin simply
oxidizes the dialkyl complex. It is also possible that
this reductive elimination is not a simple 2+42 reaction,
but a more complicated six-electron "isovalent" (not
reductive) elimination.

Photochemically-induced reductive elimination has

21 The details of this

been observed in rare instances.
process are also unknown, but a functional photo-oxidation
seems likely.
C} Migratory Insertion and De-insertion

The migratory insertion reaction pervades the
chemistry of nickel. Aside from the oligomerization of

22

plefins and diolefins and the coupling of Grignard

reagents and aryl halides,23 carbonylation of organic
substrates {alkenes, alkynes, organic halides, etc.}24 is
the most useful transformation mediated by organonickel

reagents. The heart of this process is the insertion of CO



216

into the nickel-carbon bond of an intermediate nickel-alkyl
complex. Although this step of the catalytic sequence has
been modeled extensively,zs many details of the insertion
remain unknown. The simplest electronic interpretation of
the insertion is as a suprafacial, three~center 2+2 reaction.
The present author believes that a migratory insertion
occurs in the zerovalent nickel catalyzed cyclodimerization

of activated olefins (eq. 3). The stepwise nature of this

N1+J e Ni{‘l —- Nié i + Ni  (3)
R K

coupling has been definitely demonstrated only in the case

of tetrafluorvethylene reacting with (P¢3)2Ni(C2H4),26 even
though other olefins can be cyclized by this procedure.

This is presumably because complexes such as 2 are too

Ni

o

reactive to be isolated.27 In the case of tetrafluorcethylene,

it has been suggested that the ring expansion reaction (4)

(p¢3)2nQ—p4 +CF, —= ‘”3’2“‘0"'3 (4)
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is a dipolar (nucleophilic) insertion reaction, although
this has not been clearly demonstrated.

Despite the widespread importance of these nickel-
mediated migratory insertion reactions, the detailed
electronics of the processes are not known. In particular,
the structure of the nickel-carbon bond is still the
subject of some not unreasonable controvery. In particular,
the degree of polarity of the nickel-carbon bond has not
been established unambiguously. Since the ground state of

3F {szds) two reasonably polar "s bonds”

seem likely for the nickel~carbon bonds of nickel dialkyls.28

the nickel atom is

but this must be established more rigorously. If these
bonds are significantly polar toward carbon, and if they
are bonds to the 4s orbitals of the nickel atom, then the
migratory insertion reactions at nickel will be of the

5 a detailed study of the migratory insertion

pelar type.2

reaction at the nickel-carbon bond will yield answers to

significant questions such as how to best prepare the

nickel atom to carry out insertion reactions and how to

best prepare the nickel atom to suppress unwanted insertions.
One migratory insertion reaction which is only rarely

of practical value is the B~hydrogen transfer reaction. This

reaction is crucial to the olefin isomerization reaction of

30 31

Tolman, the Wacker oxidation sequence, and the productive

activation of saturated hydrocarbons,32 but in preparative
organometallic chemistry, the B-hydrogen reaction is best

suppressed. Study of the nickel-based fB-hydrogen reaction
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has been limited, owing to the paucity of nickel complexes
which have B-hydrogens and are nonetheless stable enough
to study in the synthetic laboratozy,l and decompose at
amenable rates via B-hydrogen transfer pathways. Very
elegant studies on bis{phosphine)diethylpalladium complexes
have shown that the cis-square planar complex decomposes
via reductive elimination, while the trans-square planar
complexes decomposes via B-hydrogen elimination.33
Although the different reactivity is easily explained on
geometrical grounds, it would be of interest to see if
other inroads exist for controlling the reactivity of
such complexes. Are there other ways to direct the trans
complex toward reductive elimination? It is curious
that one of the very few diethyl complexes of nickel which
is stable is (bpy)NiEtz. This complex thermolyzes to
give a mixture of n-butané, ethane and ethylene.34 A
detailed study of this reaction is in order.

A final reaction at nickel which is of considerable

interest, and is best explained as a 2S + 2s reaction, is

the B-alkyl transfer reaction, 5. Despite the simplicity

M/\/CH 3 ———m M~CH, (5)

of this reaction, and its gross similarity to the g-hydrogen

transfer reaction, it has been seen only rarely: (1) Watson35

has reported that the isobutyl complex 3 will react as in
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.

/\

(6). (2) Equilibrium of the form (7) have been observed or

36 38 39

. . . * 37 *
implied for M = szTl, szTi, szzr and CPC12Ta.

(7)

{3) Decarbonylation reactions‘o have been postulated to
proceed through retrograde 2s + 25 reactions. (4) Tris-
(triphenylphosphine)nickelacyclopentane decomposes by an
apparent 2s + 23 process to give ethylene.41 This is the
only example of simple B-alkyl transfer (or phenomenoclogical
equivalent thereof) in the organic chemistry of nickel,
and served as the initial point for all of the investi-
gations reported in this thesis.
The g-alkyl transfer reaction is of interest for several

reasons: (1) The Ziegler-Natta polymerization of simple

42

clefins occurs via the reverse of the B-alkyl transfer.

Conclusions reached concerning the B-alkyl transfer can



220

easily be inverted to give insight into the polymerization
process. (2) The stereospecificity of the polymerization

of propylene remains a mechanistic mystery.43 In particular,
it is not known whether the Ziegler-Natta systems have the
ability to correct their stereochemical mistakes. The most
obvioug "self-correcting” capacity invokes the removal of
the last unit of substituted olefin from the growing

polymer chain (a f-alkyl transfer), stereochemical readjust-
ment, then reinsertion to give the proper polymer chain.
Characterization of B-alkyl transfer in independent systems
would lend support to this mechanistic twist to the
polymerization process. (3) Several studies of the homo-

geneous activation of saturated hydrocarbons have been

disappointing, because the organometallic complexes

resulting from initial insertion into the saturated C-RH

bond are1xx>stable.4§ In other cases, such as that

described by Crabtree,>> products resulting from B~hydrogen
transfer reactions are too stable. If we knew how

to direct B-alkyl transfer generally, perhaps solutions to
these problems in C-H activation could be devised.

(4) Reactions which are best rationalized as R-alkyl transfer
reactions have been observed to proceed at naked transition

45 Studies of active metal

metal cations in the gas phase.
complexes in the homogeneous phase could aid in the inter-
pretation of these results.

Despite the utility of the 8-alkyl transfer reaction,

and owing to its apparent rarity, it has not been extensively
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studied. I undertook the examination of the nickel-based

reaction in eq. 9.

P¢
3 / .
(Po 3} NS —2e (P9, N —e Py + (P,),Ni(C,Hy)
5
4 C2Hy

(9)

The questions of interest were: (1) What is the force behind
the cleavage of the carbon-carbon bond, and (2) can this

force be controlled and directed.
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II. Previous Work

Grubbs and coworkers reported that bis(triphenylphos-
phine) nickelacyclopentane, 4, could be prepared from the
corresponding bis{phosphine)nickeldichloride and 1,4~
dilithiobutane.41 Based on the available data, it was
concluded that this complex is a cis-square planar complex
of Ni(II). When a large excess of phosphine is added to
a solution of the metallacyclo in toluene, a new complex
results, tris(triphenylphosphine)nickelacyclopentane.46
When this complex is isolatea and excess phosphine
removed, a dissociative equilibrium may be observed
between 5, free phosphine, and a new complex, §, which has
the stoichiometry, but not the identity of 4 (thus observed

by 3

P NMR). These workers found ethylene to be the major
organic product of thermolysis of 5. They suggested that
the new complex, 6, is the tetrahedral isomer of the cis
square~planar complex 4.

The chemistry observed from this set of nickel
complexes must be compared to that of the corresponding
palladium and platinum complexes. Bis(phenyldimethylphos-
phine)palladacyclopentane is observed to decompose at 70°

in toluene to give predominantly l-butene.47

Bis{tri-n-
butylphosphine) platinacyclopentane decomposes in various

solvents to give a variety of products, but the predominating
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product in all cases is also 1~~butene.48 It should be

mentioned that the dominant product of photolysis of eit! :r
the nickel (II) or palladium (II) is ethylene. One must
then be able to explain: what is the practical difference
between Ni, P4 and Pt?

The electronic difference between nickel, palladium
and platinum is immediately apparent. While the ground
state of the nickel atom is BF, the ground state of the

49

palladium atom is 18{4d10). (For comparison, the 3F state

ls by 3.4 ev, with the >p(5st4a”)

in palladium is above the
between the two, at an energy of 0.9 eV.) 1In the platinum
atom LS coupling is no longer useful, but it is helpful to

15d9) state (averaged over L and 5} is

note that the 3D(Gs
still the ground state, lying roughly 0.1 eV below the
15(5a'%) and 0.3 eV below the °r(6s°5a%). Thus, the
elementary difference between Ni, Pd and Pt is the ground
electronic state. The nickel atom adopts the doubly
occupied valence-s configuration in its ground state. 1In
this way nickel acts like Be, Mg, Ca, Sr, etc., and is

expected to act, in a general way, like a Group Ila metal.

In particular, the directed valence associated with

a (valence--s)2 state predicts a bond angle at the central

atom of 180°, Hence, divalent benyllium, divalent magnesium,

divalent calcium, etc., and divalent nickel should show

covalent bond angles of 180°.50
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In cases where the geometries of isolated complexes
have been determined, this obtains. In fact, in all
crystallographic studies of complexes of the form LzNiRZ
(L = donor base ligand, R = alkyl ligand; neither L2 nor

R, chelating), the cgvalent bond angle (i.e., the R-Ni-R

2
angle} is 180°. This is to say that all complexes of this

form are trans-sqguare planar complexes.51

The atomic arguments made above imply that this
geometric peculiarity should not persist throughout the

nickel triad. Palladium and platinum, being ground state

10 1.9

d and s d” atoms, respectively, should make covalent bonds

at roughly 90° to one another (i.e., cis sguare planar

complexes). This should be particularly pronounced in

palladium since the 3268 state is so high in energy.

Detailed studies have shown that bis(phenyldimethylphosphine)~

dimethyl palladium prefers to adopt the cis orientation of

47

the alkyl ligands by a factor of 7/3. Thus, the prediction

of geometry based on atomic states is verified, in a
relative way, by comparing organometallic complexes of
PA(II) and Ni(II). These geometrical predictions have also

been verified with ab initioc electronic structure calcu-

1ations.52 Theoretical studies have predicted Nin to be a

linear molecule with a 3A ground state (characteristic of

the szds state of the nickel atom}, and Pde to be a bent

molecule (8 = 90°) with a lﬁl ground state characteristic

1.9

of the sd° state of the P4 atom.
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i Hypothesis

The above argument suggests that the driving force
for the B-alkyl transfer in (9) is the ability of the nickel
atom to adopt the lower energy szd8 configuration if the
C-Ni~C angle is 180°, or, conversely, that the geometrical
distortion of the C~«Ni-C angle from the 180° optimum is
energetically costly and the B-alkyl transfer relieves the
strain in the five-membered ring. The fact that the B-B'
carbon-carbon bond is cleaved rather than simply stretched
is due to the facility of the 25 + ZS reaction at nickel -
recall the nickel valence d orbitals are already involved
in the two nickel~carbon sigma bonds.

It is apparent that the bis(phosphine)nickelacyclo-
pentane, 4, is stable (vis-a-vis B-alkyl transfer) because
of the method of synthesis. This complex is prepared from
the corresponding nickel dichloride - an inorganic complex
which has previously coordinated (and static} phosphines.
As the metallacycle is formed, the phosphines must adjust
to accommodate the ring, and the metallacycle which is
isclated has the c¢cis orientation of the phosphines. The
stereochemistry of the complex is locked, owing to the
observed inability of the coordinated phosphines to

53

dissociate. Thus, even though the B-alkyl shift is

thermodynamically favorable, it is kinetically forbidden.
If the contention that the B~alkyl shift is due to

2

the 4s 368 ground state of the nickel atom is correct,

any nickelacyclopentane which is formed under circumstances
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which allow for the adoption of the trans geometry will
do so, resulting in the production of ethylene as the
primary decomposition productl In particular, if a
bis(donor ligand)nickelacyclopentane is formed in which
the two donor ligands are forced to be trans, that nickel-
acycle should decompose to give ethylene. The attempt was

made to prepare such a complex and study its decomposition.

IV. Transphos - 2,ll-bis{diphenylphosphinomethyl)benzoic]-

phenanthrene

Venanzi and coworkers have shown that the title ligand,

transphos (abbreviated tp), 7. is an effective bidentate

a0

Po, P3,
7

-

ligand, and that the chelating bite angle when it is

>4 This ligand has

complexed to a group VIII metal is 1B80°.
been used by Venanzi and by Stille in complexes in which the

trans orientation was desired. For this reason, we attempted

to prepared 8. @0



227

This complex will have the desired trans orientation of the
phosphines, allowing the C-Ni-C angle to open to the

ng2g8n

value.

The synthesis of 7 has been described,56 and the ligand
was prepared by this route (Scheme l). The only bothersome
step in the process is the aromatization of the dibenzo-
decalin to the benzolc]phenanthrene. Venanzi reported
the use of DDQ in a minimum amount of benzene to carry
out the aromatization. This procedure resulted in
consistently low yields (42% reported by Venanzi). Our
attempted aromatization by palladium in carbon in refluxing
naphthalene was not successful; however, aromatization using
¢ 4CBF, in acetic acid was guite convenient and yielded only
two products (by NMR): 2,ll-dimethylbenzo]c]phenanthrene
and triphenyl methane. Repeated crystallizations, chromato-
graphies and sublimations failed to separate these compounds.
This effort thus gave no better avenue to the desired
product; however, it did lead to the discovery that the
product is best isolated from the DDQ reaction by removal
of solvent followed by sublimation (150°, 1 um Hg) of the
crude material.

The rest of the synthetic sequence is convenient,

giving an overall 5% yield based on starting p-tolualdehyde.
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V. Attempted Synthesis of (transphos)nickelacyclopentane, 8,

A) Alkylation of {tp)NiC12

The dichloride of (tp)Ni is easily prepared.s7 The
corresponding complex of palladium was alkylated by Stille
with methyllithium to give (tp)PdMez - presumably with the
trans stereochemistry. Treatment of tpNiCl2 with excess
methylmagnesium bromide resulted in a complex mixture of
products (Figure 1l). Owing to this and to the difficulty
anticipated in preparing E in this fashion, other syntheses
of bis(ligand) nickeldialkyls were sought.
B) Exchange of transphos for bipy in (bipy)NiR2

58

Yamamoto and coworkers have shown that the 2,2'~-

bipyridyl ligand can be replaced by chelating diphosphines

in (bipy)NiMe, (eg. 10). For n=2 or 3 in eq. 10

2

$,P
(bipy)NiMe, + ¢,P(CH,) Po, -wzo=~ (CH\zln NiMe, + bipy
¢,P

this reaction proceeds smoothly as shown, but for n=1l or 4
reductive elimination of ethane resulted in the production
of phosphine-stabilized Ni(0O). We attempted the general-
ization of this procedure shown in (11). The bipyridyl-
stabilized nickelacycle has been reported.sg and is guite

easily prepared and handled.

(10}
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(bipy)Nj + tp ~————»  tpNi (11)
9

Although the ligand replacement (eq. 10) occurs
smoothly for (bipy)NiHez. a similar ligand replacement
is not facile for (bipy}NiEtz.Go Instead, reaction 12 is
observed. Therefore, it was necessary to check the

(bipy)NiEt, + PCy; —w- (PCy,),Ni(C,H,) + bipy (12)

feasibility of bipyridiyl replacement by phosphines in 9.
The complex [1,2-bis(diphenylphosphine)ethanelnickel-

41

acyclopentane, 10, has been reported; therefore, reaction

{13) was studied {dpe £ 1,2-bis(diphenylphosphino)ethane).

{(bipy)Ni + dpe —2— (dpe)N<:] + bipy (13)

10

Since 10 is slightly thermally labile, this reaction must
proceed at room temperature or below if it is to be useful.
This reaction did occur at a very convenient rate at room
temperature in toluene. Treatment of 9 with 1.25 equi-
valents of dpe at room temperature resulted in a change in
sample color from the deep forest green of 9 to the bright

31

yellow of 10 almost immediately. P NMR indicated the

conversion of 9 to 10 and a small amount of (dpe),Ni. The
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ratio of 10 to Ni(0) was 17/1. Proton NMR is less useful in
these complexes, but the proton NMR spectra for this
reaction are consistent with the products shown. Further
confirmation of eg. 13 comes from thermolysis of the

products. 31

P spectroscopy indicated the conversion of

10 to (dpe)zNi after prolonged heating to 70°. Reductive
elimination of cyclobutane has been reported for the thermal
decomposition of 10, and cyclobutane is suggested in the
proton NMR spectrum of this thermolysis. The proton NMR
spectrum of the displacement reaction and of the thermolysis
of the products indicates l-butene also. This product is
also reported in the thermal decomposition of 10. (Attempted
displacement of bipyridyl from (bipy)NiEtz has resulted60
in the B~-hydrogen decomposition to LzNi(CZH4). An analogous
side~-reaction in (13) would produce l-butene.)

We conclude that treatment of 9 with dpe results in
the production of 10 and a small amount (<10%) of reduction
to Ni(0).

Reaction of 9 with transphos was very sluggish. While
the reaction with dpe was complete in less than 10 minutes,
the reaction with transphos (eqg. 1l1l) was not obviously
complete after_S days. At the end of 5 days at room
temperature, the proton NMR spectrum of a mixture of 9 and
1.5 equivalents of transphos showed a significant amount of
¢ remaining and the only apparent organic product of the

reaction to be l-butene. The color of the reaction mixture

changed very slowly from the dark green of 9 to a dark
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olive green (¢5 days) and finally to a dark red-brown
(two weeks). After two weeks at room temperature, the

3;P NMR spectrum having no free transphos,

mixture showed a
and only one significant peak. At this time, the proton
spectrum of the reaction mixture showed a small amount of
9 remaining, two peaks characteristic of the protons in
complexed transphos, no ethyléne, and a preponderance of
l-butene.
We conclude that treatment of 9 with transphos at
room temperature results in the B8-hydrogen decomposition to
l1-butene and a transphos~complexed Ni(0) species. Reaction
at below room temperature will be too slow to be conveniently
observed and therefore this route to 8 is not satisfactory.
The production of l-butene from this reaction is
best explained by noting that the thermolysis of
(Cy3P)Ni(CH2)4 yields l~butene. If it is assumed that
three~coordinate nickelacycloalkanes decompose via B~hydrogen
pathways,“the claim may be made that the l-butene resulting

from the reaction of transphos with 3 comes from a complex

such as ll.

=

't
—

!
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58,60 and this

The phosphine can displace the bipyridyl,
three-coordinate complex decomposes before the second
phosphine can complex to the nickel. If this is the case,-
the ligand displacement reaction must be run at lower
temperature.

C} Synthesis of LzNiR2 from (pyr)4NiC12 + L + RMgBr

61

It was recently reported that‘szi(CﬁzsiMe

32

(L = two electron donor ligand) could be prepared by
treating {pyr)4NiC12 with Me3SiCH2MgCI, and subseqguently
displacing the loosely coordinated pyridine ligands in

{pyr)zNi(CHZSiMe3}2 (egq. 14). There are four attractive

(pyr) ,NiCl, + 2TMS/~\MgBr — (pyr)zni—T“TMS)z-zkb

LzNifT"“GMS)z (14)

features of this sequence: (1) Although the ligand
displacement was usually carried out at room temperature,

in one case (eg. 14, L2 = dpe) this step was carried out at
-30°C. The major drawback with the displacement of bipyridyl
from 9 is the high temperature required. 1If the transphos
ligand could be attached to the nickel complex at low
temperatures, there is a better chance of isolating the
transphos nickelacycle. (2) The displacement of pyridine
ligands presumably occurs sequentially, hence if this

process were used to prepare nickelacycloalkanes, it is not
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likely that three-coordinate species would be formed and
B~hydride decomposition would be suppressed. (3) Grignard
reagents are used rather than the alkyl lithium reagnets
which have been used to synthesize nickelacycles. Digrignard
reagent562 are much more easily prepared and handled than
dilithium reagnets. (4) In common with route (B) (vide
supra), in this process, the nickelacyclopentane is prepared
before the trans-directing ligand is attached. If we know
that the nickelacycle is intact before the ligand is added,
we will obviously know the direct effect of the ligand
additive,

We tested the generality of this synthetic sequence
by using it in the preparation of (bipy}NiMe2,63

(bipy)NiEt,> and (bipy)Ni(CH,),.>” Since

64
2° 2

these compounds have all been reported independently,

(dpe)NiMe

prepared by alternate routes, their preparation from
(pyr)4N1012 represnﬁs a vélid and simple test of the method.
1) Preparation of LzNiMe2 (L2 = dpe, bipy)
The title dimethyl complexes of LzNi for L2 =
bipy and L, = dpe have been prepared from Ni(acac)2 +
AlMez(OEt) + bipyridyl, and (dpe)NiC12 and methyllithium,
respectively. We have prepared these complexes as in eq. 15.

These reactions are best performed in tetrahydrofuran

L
: . 2 .
(pyr)4N1C12 + ZCH3MgC1 [(pyr)anMeZ] r— LleMez (15)
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in view of the greater solubility of the digrignard
reagents in this solvent,sz although in syntheses designed
to isolate intermediate 12 diethylether was used for easier
solvent removal. The preparative reactions are performed
at low temperature. Warming the reaction above 0°C for
prolonged periods (¢15—30 minutes) resulted in the decom-
position of the organonickel species to nickel black.
Several egquivalents of free pyridine were added at the
outset of each synthesis. This presumably prevented the
production of ligand-free NiMez {followed by decomposition).
Withholding of this pyridine did lead to the production

of nickel black at 1qwer temperatures. The (pyr)4NiC12,
excess pyridine, methymagnesium chloride and solvent were
combined at -70°, the mixture was allowed to warm slowly
to -20° and held at this temperature until the inorganic
starting material was consumed. An excess of Grignard

reagent was required; use of less Grignard resulted in

61

excessive reaction times. The excess Grignard is necessarily

guenched before addition of the replacement ligand
(specifically in the case of bipyridyl). Isopropanol,
water and trimethylsilylchlofide were all used as quenching
agents. Trimethylsilylchloride proved to be the most
convenient in view of its volatility, but isopropancl was
also practiced.

Significantly, the replacement of the pyridine in
(pyr)nNiMe

2
as -78°! The (pyr) NiMe, reaction mixture shows a bright

by bipyridyl was apparent at temperatures as low
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orange to bright yellow color. When bipyridyl (2 egq. in
thf}) is added to this mixture (at -78°)}, there is an
immediate color change which slowly gives complete predo-
minance to the bright green color characteristic of
(bipy)NiMez. Although the kinetics of this process have
not been studied, it is certainly apparent that this
ligand exchange is synthetically useful owing to its
tolerance for low reaction temperatures.

NMR spectra of (bipy)NiMe2 and (dpe)NiMe2 prepared
via 15 are shown in Figures 2, 3 and 4. 1In Figure 3

64

note the X AA'XZ' and X3AA'X3' patterns characteristic of

2

the -CHz— and -CH3 protons, respectively, in (dpe)NiMez.

The 31? NMR spectrum of (dpe)NiMe2 in Figure 4 is important,

because it indicates the virtual absence of Ni(0) products.
2) Preparation of (bipy)Ni(CHzl4
Complex 9 has been synthesized by a rather

>9 but not spectroscopically characterized.

circuitous route,
In Figure 5 we show the proton NMR spectrum of 9 prepared
in this way, showing the two distinct protons of the
metallacyclic ring. Integration shows the expected 1:1
ratio, and decoupling irradiation (Figures 6 and 7) shows
the coupling of the two proton sets. Integration relative
to the bipyridyl resonances indicates the expected 2:4:2:4:4
ratio.

This nickelacyclopentane can also be prepared by the

method of eg. 14. Using 1,4-di(bromomagnesia)butane,

(pyr)4Nic12 and bipyridyl and the method outlined above, a
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complex was isolated whose lﬂ NMR spectrum is identical to
that of Figure 5. Although the yield is low (10%), the
conditions have not been optimized and the literature
preparation also results in a modest yield (21%). Most
importantly, the result indicates the feasibility of this
procedure for general synthesis of nickelacycles.

3) Isolation of (pyr)nNiMe2

The most convenient method for studying the
formation and decomposition of 8 is NMR spectroscopy. It
would thus be valuable to isolate the pyridine stabilized
"naked" nickelacyclopentane as a solid. Carmona and
coworkerssl reported the isolation and crystallographic
characterization of (pYr)ZNi(CﬁzTMS)Z, the isolation of the
corresponding dimethylnickel and nickelacyclopentane
complexes appeared possible.

The complex NiMez'n(Pyr) was isolated. Treatment of
(pyr) (NiCl, in diethyl ether at -70° with 5 equivalents of
methylmagnesiumchloride (as a thf solution) resulted in
the production of a bright orange suspension in a red
solution. This mixture was treated with several egquivalents
of trimethylsilylchloride to gquench unreacted Grignard
reagent. Filtration and repeated extraction of the solids
gave a deep red solution. Removal of solvent and washing
with pentane gave an ochre so0lid. Proton NMR (Figure 8)65
shows resonances characteristic of pyridine (free and
complexed) and a singlet at §(-0.83). Treatment of this

solid with bipyridyl in dawthf gives bipyNiMez. When the
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ochre solid and solid bipyridyl are placed in an NMR tube, even
the solids mix and begin to turn green (characteristic of
(bipy)NiMez). Solvent (dg-thf) is transferred onto this

at -196°, and the color change to green is complete when

the thf melts (-65°C). Thus, the ligand replacement reaction
to give (bipy)NiMe, is extremely fast.

If a sample of the ochre so0lid in thf is kept at room
temperature, there appears a good deal of brown-green
precipitate and the resonance of §(-0.83) in the proton NMR
broadens and diminishes, the peak at n80.0 broadens, and
a new peak at §0.85 appears. I interpret this as the
reductive elimination of ethane and deposition of metallic
nickel.

These data indicate that the ochre solid produced in
the above reaction is NiMez-n(pyr). The value of n is
difficult to determine since excess pyridine is necessary
in the preparation of the complex. These data also indicate
that for practical purposes the complex may be considered
the functional equivalent of simple dimethyl metal. The
pyridine ligands are so loosely coordinated that they are
easily displaced even in the solid state. Although the
analogous pyridine-stabilized nickelacyclopentane has not
been isolated, there is no apparent reason to believe that
it cannot be. These pyridine-stabilized nickel alkyls
will prove to be very useful in organonickel synthesis.
Structural characterization and independent chemical

studies will yield a good deal of information about the
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character of "ligand~free" metal alkyls. It is curious
and unexpected that the complex (pyr)zNi——T'“TMs)z is the
only complex of the form LZNiRZ {(in which L2 and R2 are

61 It is

not chelating) which shows cis stereochemistry.
not known whether this is due to selective crystallization,
packing forces, etc., or to a distinct change in electronics
about nickel. Chemical studies should help explain this.

4) Reaction of transphos with (pyr)nNiR2

The reaction of transphos with NiMe,-n(pyr) gave

2
discouraging results. Treatment of the isolated organo-
nickel complex with transphos is da-thf led to the immediate
(<20 minutes at ~70°C) disappearance of the NiwCH3 resonances
in the proton NMR. Concomitant with this is the growth of

a resonance at §{0.86) which may be assigned to ethane.

A new peak at 610.1 may be assigned to transphos bound to

57 After 8 hours at -70° and 15 minutes on +60°.

nickel.
the resonance at §{(0.86) is the dominant peak in the proton
spectrum. This peak could be assigned to the Ni-CH3
resonance in (tp)Ni(CH3)2, but for the absence of the
expected phosphorus-hydrogen coupling.

These results indicated that it will be quite
difficult to prepare organonickel complexes of transphos.
Since the dimethyl nickel complex is so difficult to
prepare, the metallacyclopentane complex is expected to be
even more challenging.

The obvious problem with this trans-directing ligand

is its great bulk. It must be that the ligand displaces



239

both pyridine units before complexing both phosphorus atoms
to the metal. 1In future work, I suggest either performing
the preparative ligand exchange reactions in neat pyridine
or use of a different trans~directing ligand. Use of neat
pyridine will cause trouble: (1) the high melting point
forbids low temperature reactions, (2) the high boiling
point makes removal difficult, and (3) unless all of the
pyridine is removed from the reaction medium, there will
still be ambiguity in assignment of the active nickel
species in the reaction.

Replacement of the four bulky phenyl rings in
transphos with methyl groups provides an attractive
alternative trans-directing ligand. The "tetramethyl
transphos" will be able to complex more easily to the
nickel atom, allowing the ligand displacement to proceed
at lower temperatures. Finally, there will be the obvious
technical benefit of having the molecular weight of the

trans-directing ligand reduced by 50%.

VI. Conclusions

The force behind and mechanism of the Bf-~8' carbon=-carbon
bond cleavage reaction in the organic chemistry of nickel is
still not understood. The possibility of sterecelectronic
control in organometallic chemistry is very attractive and
must be more thoroughly investigated. The carbon-carbon
bond cleavage reaction in nickelacyclopentanes may be an
example of a reaction which is so-controlled, but the question

is technically difficult to answer.
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Alkyl complexes of nickel whose stabilizing ancillary
ligands are pyridine have been prepared, isolated and used
in the synthesis of organonickel complexes having more
complicated ligands. These ligand-replacement syntheses
proceed at very low temperatures and are quite convenient.
Generalization of the process described here will allow
the formation of a variety of complicated organonickel

complexes which have not been prepared to date.66
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Experimental

All operations involving organometallic complexes of
nickel were carried out either in vacuo or under inert
atmosphere. Toluene, diethyl ether, tetrahydrofuran,
benzene and all hydrocarbon solvents were dried over
sodium benzophenone ketyl and vacuum transfer distilled
before use. Pyridine was dried over calcium hydride.
Ni{COD)2 was either prepared via the published procedure,62
or purchased from Strem Chemicals and used without
further purification. Tetrabis(pyridine)nickeldichloride
was prepared as in the 1iterature,68 as were the
bis(phosphine)nickel dihalides used in this study.67
l,4~dichlorobutene and 1,4~dibromobutane were dried over
Linde 4A molecular sieves and vacuum-distilled before use.
2,2'-bipyridyl and 1,2 bis(diphenylphosphino)ethane were
purchased (Aldrich Chemicals and Strem Chemicals,
respectifely) and used without further purification.
Unless otherwise noted, all spectra were recorded at room

temperature.

2,11-bis (diphenylphosphinomethyl)benzo[c]phenanthrene (7)

This compound was prepared via the literature route,
although the following modifications of the aromatization
step were attempted.

l) Aromatization with palladium on carbon.70

1.0 g (3.8 mMole) of 2,11-dimethyl~5,6,6a,7,8,12b-
hexahydrobenzo[c]phenanthrene, 17 g of naphthalene,

100 mg of palladium on carbon and 5 equivalents (based on
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hydrocarbon) of indene were refluxed (218°C) for 20 hr.
Thin layer chromatography {(silica plates; pentane elution
solvent), and proton NMR showed no aromatization at all.

2) Aromatization using triphenylmethyl cation.71

1.0 g (3.8 mMole) of 2,11-dimethyl-5,6,6a,7,8,12b~-
hexahydrobenzo{c]phenanthrene and 1.5 g triphenylmethyl-
tetrafluoroborate were refluxed in glacial acetic acid
until the initial yellow-brown reaction color is replaced
with a bright burgundy and TLC indicates the absence
of starting hydrocarbon. The reaction mixture was poured
into water and extracted with benzene. The benzene
extract was thoroughly washed and dried over Mgsoé. Rémoval
of solvent gave a crystalline solid which proved (by NMR)
to be a mixture of triphenylmethene and the desired
aromatic produced. Crystallization from benzene/ethanol
(1:1) removed a good deal of ¢3CH, but left a mixture of
the two products of nl:1 ratioc. Chromatography (diethyl-
ether, or benzene, or pentane or pentane/diethyl ether
as eluting solvents) gave no separation at all. The
two products co-sublime, thus sublimation/distillation was
not effective in separation. Crystallization from ethanol,
pentane, petroleum ether, diethyl ether, benzene or
toluene gave little success. A low temperature crystal-
lization from toluene gave a mixture of triphenylmethane/
dimethylbenzo[c}phenanthrene of 1/3 (NMR)}.

Separation not being fruitful, the triphenylmethane

impurity was carried through the bromination step.



243

Unfortunately, fickle bromination of the dimethyl hydro-

carbon to give -CHBr2 and -CH, are serious side reactions

3
and accurate use of NBS is necessary, thus triphenyl-
methane (which is aiso brominated) led to a mixture of
bromination products.

Even though the aromatization went to apparent

completion, this method is not useful.

(2,2'-bipyridyl)nickelacyclopentane

This synthesis follows the method of Hagihara and
coworkers.3a 5.0 g (18 mMole) Ni(COD)2 and 5.7 g
2,2'-bipyridyl are degassed in a schlenk vessel. 75 ml
cold (0°) THF is added, resulting in a fast (but not
immediate) ligand replacement to give soluble, purple
{(bipy)Ni(COD). After all of the Ni(con)2 has reacted
and the nickel species dissolved, 1.35 ml (2.4 g, 11 mMole)
1l,4-dibromobutane is added all at once to the mixture.
This mixture is stirred at 0° for approximately 3 hr.

At this point, the purple solution has turned green and

a good deal of precipitate (pink-colored (bipy)3NiBr2) has
separated. The solvent is removed {in vacuo, 0°C) to give
a grey solid. This solid is ﬁashed with several aliquots

72 The

of cold n-pentane to remove excess dibromobutane.
resulting grey solid is extracted with fresh tetrahydrofuran
until the extracting solvent is colorless. In the absence
of excess alkyl halide, the nickelacycle is stable at

room temperature. Removal of solvent gives a powder which

is crystallized from THF/pentane to give dark green (black)
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crystals, Recrystallized yield 500 mg (21%). Spectra of
this material are shown in the text.

Reaction of (bipy)Ni(CHzg_4 with 1,2-bis(diphenylphosphino)-

ethane (dpe).

In an NMR sample tube, 12 mg (44 uMole)(bipy)Ni(CHz)4
and 22 mg (55 uMole) dpe were added to 300 ul dry
tcluenewd8 at room temperature (sample preparéd in an inert
atmosphere box). There was a quick color change from
green to yellow. This reaction seemed to be limited by
the rate of dissolution of the fairly unsoluble organo-
nickel complex. After 15 minutes at room temperature, lH
and 31? spectra were recorded. The proton spectrum showed
free bipyridyl, free and complexed dpe (P-—Cg2 at §2.1),
peaks at §1.85 and §1.67 which have been assigned4l to
the ring protons in (dpe)Ni(CH2)4, and peaks in the alkyl
and vinyl regions consistent with l-butene. The (proton-

31? NMR spectrum shows free phosphine, and

decoupled)
(dpe) ,Ni (O) and (dpe)Ni(CH,), ina ratio of ~20:1. These
resonances are consistent with those of independently
prepared samples of (dpe)zNi(Q) (from Ni(COD)2 and dpe)
and {(dpe)}Ni{(CH

{(from dpe)NiCl, and 1,4~dilithiocbutane).

2)4 2
Thermolysis of this sample (+70°, 36 hours) gave
complete conversion to (dpe)zNi(O) (31P NMR). The protons

in cyclobutane (the reported organic product of thermo-
lysis), the ethylene protons in dpe and the methyl protons
of toluene appear at ~ §2.0 in the proton NMR so

assignment of the organic products of this decomposition
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is not possible using proton NMR, but the resonances
assigned to the ring protons in (dpe)Ni(CHz)4 are absent

in the thermolyzed sample.

Reaction of transphos with (bipY)Ni{Cﬂzlz

Transphos (7; 36 mg, 58 uMole) and (bipy)Ni(CH2)4
(8 mg, 30 uMole) were added to an NMR tube (sample
prepared in inert atmosphere box). Tetrahydrofuran~d8
(0.5 ml) was vacuum-distilled into this tube which was
subsequently sealed. Immediately upon the melting of

31 1

solvent, the P and "H NMR spectra were recorded. The

31? spectrum showed a large peak (free transphos) plus a
small impurity (the phosphine-oxide) in a ratio of 220:1.
The proton spectrum showed only unreacted starting materials
and a small unidentified impurity at §(0.13). The reaction
was monitored periodically for two weeks, during which

time the color of the reaction mixture changed very slowly
from bright green to red-brown. At commensurate rates,

31

a new resonance in the P-NMR {20.5 ppm downfield from

free transphos} and resonances due to l-butene in the
proton NMR appear. (A third 31P resonance (34.3 ppm
downfield from free transphos) appeared after the first
day of reaction, but did not grow in size and represented
only 3% of the entire phosphorus spectrum, hence it is
unimportant.) During the course of two weeks, the signal
due to free transphos both broadened and lost intensity
until it disappeared altogether. At the end of two weeks,

31

no free phosphine was observed in the P NMR and only a
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small amount remained in the proton NMR. At this time,
the proton NMR showed small peaks due to (bipy)Ni(CH2)4
which remained, a large amount of l-butene and a new broad
peak in the alkyl region which is relaﬁively small and may
be assigned to n-butane. This reaction is therefore not
of synthetic utility in this case.

Preparation of-(bipy)NiMe2 from (pyr),NiCl, and methyl-

2
magnesium halide.

Tetrabis (pyridine)nickeldichloride (1.0 g, 2.2 mMole},
20 ml dry THF and 4 ml dry pyridine were added to a schlenk
vessel which had previously been purged with argon. The
suspension was cooled to ~70°C. Slowly (over the space of
3-5 minutes) 11 ml of a 0.64 M THF solution of methyl-~
magnesiumchloride was delivered (via syringe) into the
reaction vessel. There was an immediate color change from
aguamarine to pale yellow-green. The reaction was allowed
to warm to ~20°C which vigorous stirring was maintained.
The reaction was stirred at -~20° until the inorganic
starting material was no longer evident. This gave a
rich orange-colored suspension. The mixture was cooled
to -70° and 230 ul degassed isopropanol was added to quench
any unreacted Grignard reagent.73 Stirring was maintained
until gas-evolution ceased.

2,2'-bipyridyl (0.6 g; 3.8 mMole) was degassed, then
dicsclved in 5 ml dry tetrahydrofuran. This solution was
cooled to -40° and then transferred via syringe to the

(pyr)nNiMe2 reaction mixture which was kept at -~70°.
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Immediately a color change was apparent. The -70° bath
was replaced with a -20° bath and the reaction mixture

stirred at this temperature until the color change was

apparently complete (1-2 h;).

The solvent was removed in vacuo from this green
suspension. The bipyNiMe2 was extracted from the
resulting grey solution with 20 ml refluxing benzene.
Hot filtration gave a dark green homogeneous solution
from which purple-black needles form. After cooling
(v +10°) the crystalline product was isolated and washed
several times with n-pentane and dried in vacuo.
Recrystallized yield 116 mg (22%). Proton NMR in acetone-ds:
§7.65 {(integral = 2.0, bipyridyl), §8.2 (integral = 4,
bipyridyl), §89.05 (integral = 2, bipyridyl}, 60.0
(integral = 6, Ni-CHB).

Preparation of (d?e)NiMe

5 from (pyr)ANiC12 and methyl-

magnesium halide.

The same procedure was used here as was used to
prepare (bipy)NiMez, the only change being that, owing to
solubility the dpe ligand was added to the {(pyr)nNiMeZ]
as a solution in toluene rather than thf. The crude
material was purified using the literature procedure.64
This resulted in the isolation of 210 mg of material whose
spectra were identical to those of independently prepared

dpeNiMe, and (dpe)ZNi. The dpeNiMe

31

2 was contaminated by

10% with (dpe)zNi {(based on

2
P NMR).
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Preparation of (bipy}Ni(CHzl4'from (pyr}‘Niclz and

Di-Grignard reagent.

The preparation of 1,4-dibromomagnesiumbutane followed

literature methods.48'62
Tetrakis (pyridine)nickeldichloride (1.0 g, 2.2 mMole)

was suspended in 15 ml tetrahydrofuran and 2 ml pyridine.

This mixture was cooled to ~70°. A solution of 1,4-

dibromomagnesiabutane (33 ml, 0.1 M solution) was added

slowly to the well-stirred suspension. The reaction was

allowed to warm slowly to -10°. When all of the (pyT) 4~

NiCl2 had reacted, the mixture was cooled to ~70° and

180 ul degassed isopropanol was added. A solution of

0.7 g bipyridyl in 5 ml tetrahydrofuran was added to

this cooled mixture which was subsequently allowed to

warm to -30° until the color change {orange~to-green} was

complete. Most of the solvent was removed in vacuo at

room temperature. The resulting slurry was washed with

2x50 ml dry pentene. The dried solid was extracted with

toluene at +40° until the extractions were colorless.

The solvent was removed from this extracted material.

Two recrystallizations (toluene/pentane) gave 60 mg

(10%) (bipy)Ni(CH2)4. This sample gave proton spectra

identical to the material prepared from Ni(COD)z,

l,4-dibromobutane and bipyridyl.
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Attempted preparation of (bipy)NiEtz from (pyr),NiCl, and

ethylmagnesium choriate.

The preparation of (bipy)NiEt, using the ligand

2
replacement on (pyr)nNiEt2 was attempted several times.

In each case a procedure similar to that described above
for (dpe)NiMe

(bipy)NiMe, and (bipy)Ni(CHz)4 was used,

2 2
with small variations. 1In each case, the ligand
replacment appeared to proceed properly, giviﬁg the
expected orange-to-green color change. In each case,
however, decomposition to a pale brown material occurred
during the work-up of the reaction. The green suspension
is stable, even at room temperature; therefore, the
product is isolable, but appears to be much more sensitive
than the dimethyl complex.

Reaction of methylmagnesium bromide with tpNiCl2

The synthesis of (tp)NiCl2 is reported.57 A

suspension of this material (100 mg, 0.13 mMole, in 5 ml
tetrahydrofuran) was cooled to -60°. Methylmagnesium bromide
(1.6 ml of 0.64 M solution in tetrahydrofuran) was added

over 10 minutes. The mixture was stirred, warming slowly

to room temperature. The purple suspension reacted to

give a bright red solution. When no tpNiCl2 was apparent,
the mixture was cooled to -60° and 60 ul of degassed
isopropanol added to gquench the excess Grignard. Solvent
was removed to give a sticky orange solid which was
extracted with 5 ml benzene. This extract was filtered

through a celite pad to give a clear homogeneous red-orange
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solution. Removal of solvent in vacuo gave a vermillion
powder. The 1H NMR and 31P NMR spectrum of this powder
are shown in Figure 1.

Preparation of (pyr)_NiMe2

Tetrabis (pyridine)nickeldichloride (1.0 g, 2.2 mMol)
was degassed in a schlenk vessel., Solvent (75 ml
diethyl ether/7 ml pyridine) was added to this. The
suspension was stirred and cooled to -40°. Methylmagnesium=-
chloride (4.0 ml of a 2.9 M solution in tetrahydrofuran)
was added dropwise to the mixture. After the addition
was complete, the mixture was warmed to 0° and stirred
vigorously until the (pyr)4NiC12 had reacted (circa 3 hr).
The mixture was cooled to -10° and 2 ml of dry {sieves),
degassed trimethylsilylchloride Qas added. After stirring
for 15 minutes, the mixture was filtered under argon
through a chilled frit. This gave a red-orange solution
and a very pale solid. The solid was extracted once with
25 ml diethyl ether/5 ml pyridine. Filtration and
combination of filtrates gave a bright orange solution and
coloriess powder (ngz; discarded). The sclvent was
removed to give a pasty yvellow-red solid. This solid was
washed with pentane (0°) and dried in vacuo. The proton

NMR of this product is shown in Figure 8.
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Figure 6. Spectrum from Figure 5. Here the signal at §1.89 was decoupled

from the remainder of the spin system.

ace



257

w1sks upds a3 JO JIPULRRDI Y wWody
pardnoddp Ses $2°(9 1 (eubiS Y3 343N °G MnBly woug wnaydadg *f Aanbiy

%

ey




258

Jk, e ‘\A____’N-—-}\_, cu e

Figure 8. ' spectrum (JEOL FX-300, dy-thf solvent) of (pyr) NiMe,. A1l shifts
are relative to the residual protons in the solvent. Signal at
»0.0 are due to silyl impurities remaining after the TMSC1 quench.
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Ziagier-Natts polymerization, 8 major industrial organesnotadlic
process. is poorly undemnodauhenwiuuhrlnd Several sets
of mokcular descriptions have boen proposed for this reaction
which differ fundamentally from onc another.'* The pource of
this disagreement is the very mode of carbon-carbon bond for-
mation. Before the more sabrle distinctions between and within
these sets of mechanismes can be elucidaied, this most crucial and
meknnurynmdm polymerization process must be ender-

Fwo of the mest clearly defined proposals among the many sets
sggesied are the carbene-1o-metallacycle mechanism of Green
and Rooney® (Scheme 1. &) and the direct four-center olefin
insertion mechanism of Cossee and Ariman (Scheme §, b).!

Neither of these schemes is inconsistent with the known kingtic .

and stereochemical aspects of the process, snd known rescrions
hn\mncméumc&:km;mfmmhmyofhnhw
posak M #  The importem difference betwoen the two sugpostions
i the isvolvement of hydrogen migration in a (Scheme 1). This
mobility implies & large primary kinetic isotope effexct on chain
propagstion in & and related reactions but no such effect in b. In
this paper we report our efforts to determine this isotope effect
and conclude that if such an efTect exists it s quite small.

Earlier workers have examined’" tbe maies of polymerization
of C,b, and C;H, and concluded these rates are the same.
However, this work aliows for ky/kp of between 0.7 and 1.4, Since
inatope effacts on the rute of catalyst generstion were sho obwerved
even wider varistions can not be ruled out.

Recent studics provide values expeciad for titanocene systems
that jnvolve carbenoid intermediates. The abstraction of an o
hydrogen by an sluminum alkyl is modeled by the formation of
Cp, TICH,ANCH,),C) from CpyTiCly and {CH)ALY The
isotope effoct for this reaction is 3. Other related o abstractions
fall beswoen 3 and 3.5 Even if the a-hydrogen migration is
20t & part of the rate-determining step, the reverse of eq 3 provides
an expeciad secondary iotope effect for reactions involving ti-
tanium carbene intormedistes. The secondary isotope effoct
determined in these systems is large, ranging from 1.2 10 1.4."
Since few models exist for direct imertion into s metal-carbon
bond, good values are not available. However, since this reaction
doss sot imolve hydrogen migrstion or major hybridization

l!}CﬁnPJmmJ“ MEJNMJM
Ariman, E. J; Comae, P. [iid. 1964, 3, 99
(2) McKinmwry, R, J. J. Cheme. s«,mwmm-«n This:
m;quimmibym*rnm—m-m.mu&y
CpCoaCuCin Cu o would e cupucrd Ty praentad i Talie
1 twind l;n-h.—

| i

Ciem.
Bank, K., oupublished rassits. Kulud owt by sxperiownts i
Pins, dqnﬂl-..nlﬂtﬂ nu.n

i

) Sln, M. . Organewes. Chows 1998, 18, 99-1409.
0)“1!;Ml01u&-$¢ MR8, 102, TO3-T0LL;
)

Schoms L.

,vo...z_..l_,o———lg
.| |
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Tebie 1. Relative Concantration of a-Akanes from
Ethylene o, Ethylene«d, Mistwos

wesThane 4.4,
moduced 0 103 %1 1.03:1
C ¥ ] 1.00 100 1.00
"N 1.43 134 1.06 119
" 118 138 143 1.3
€ 1.55 1.24 o8 1.06
Co L 1.08 0.87 0.5
€y 1.04 2.9 0.67
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Figwe 1. Average wember of C,D, anin, (2}, w » faactica of 1wl
sumber of monorer wnits, N, is sa oligomer.

C'l'h?‘ﬂ — CppTiammliy & CpaToomOHl +

e e 10 (3D

changes st 1he growing polymer wermisus, we expect ky /ky o
1 for this process,

In these catalytic systerms, as will a3 many guher, comparisons
Setween difTerent potyursutm runs are dangerous, owing 1o
& Jack of sbsohute reprodudibility from one prepuration o the mext.
Furthermore, the concentration of the sctive sites can be affacied
hmm(uusmluu‘y).udmmwmm
Pore guaniytic sctivity is difTusion initod. Comsequently, eaperiments
Mﬂhmmmcﬂmmmumhw

tions. Duuthcdmimaﬁtkumhﬂny

the tiown of

st prrdesicrionthylene was choses for sedy. So that precise
mesturcments on the copolymers could be obtained, the resction
. was siwdiod by wing & stopped-flow apparatus similsr o that
" developed by Fink and co-workers.! Suitable conditiom were
developed te obiain seiTicient material of the Cyf ",uc.ﬂ..
maiscular weight range for GC/MS5-CI analysis.

K Genbin, R. 5., unpebliskd vl
!mu-l.g'."me Angrw. Mokronwl. Cham. 1974, 30, 133,
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9) KPdacy 0.T8
COpmmCDy 4 Cgmulhg + Cpg¥y ik

CoMglCHaCHyl#iCDRCONM (4}

If the catalyst activation is fast and the chais transler slow
relative 1o chain propagation, then the results for the oo
polymerization can be anslysed precisely. Tt can be shown that
the average number of devierated units, (#), in 5 chain is related
to the toial number of wnits, N, Mthfdhmunm "

in} = (N- l)(l-l-m) I‘O-c

where ¢ @ ko{C,DJ/(huIC,H]) and & ® kypfhy, k= e
of compleastion, and k, = rate of propagstion.

’hldu.m icm of products in Table 1 shows 3 bell-shaped
ewrve.™ This demonstrates that the catalyst i formed at a mech
fastes rate than polymer growth. Only traces of olelin are formed
i the reaction, e, little chain transfer is wking place.” Hence
the two boundary conditions are met. The plot of (n) va. (N -
1) in Figure I shows sn excellent sgreement with e 2 (correlation
facior 0.9956) with a slope of 0.49, which corresponds to & kyy/kyp
of 1.04 & 0.0},

Ahthough this is derived from only one uulysl system which
is not s propylene polymerization catalyst,® these data sirongly
support an imiertion mechanism that docs not involve a hydrogen
migration during the rate-determining step of propegation. Ftis
pousible that the growing alkyl chain i interacting with o bridging
Lewis scid center which does not icave the catalyst site during
reaction or that the a-CH bonds are siways distoried roward the
meta center. Such cases would not secessarily show an isotope
effect but could bave a pronounced influence on the stereone-
Jectivity. Such systems are now under investigation,

Reglatry No. Ethylene, 74-85-1; sthylenc-of,, 683-73.8.

(1%} Typic s ware carried out by mizing 50 mL of &
wiwtion of Cpy ;{C,Hﬁ(‘?‘ in solvene) saturatod with tie dumired
L 3

Senomer with be squs d'Al(C,H,K’! £10 mmol in Lolpen) sate-
rasud wih the same monomet is & stop-flow Afver ippving 10 initint
mmmc:mmn-ukhmdmnmun 1, CH,OH.
anl oloent 8 & saoond mising chamber. The comnct time for th rasttion
w070 ‘lbmmm-unhdmquhc(llﬂhlﬂﬂk
dviad, snd wsing & dund caluane by remae IR

whne. The product wis anslyred by eapiary GC {10 4 SE-30 ackernm}
ol GC /MS-CE (mathane). The monoser Mis wat ethylene.4/cthylent-4,
= 171033 (vigh-rancintion MS). The sthylene sisiurs racovsred sfter re-
etion shownd oy deuierinm scrambiing.

£17) Given the assumptions mentionsd in che text, the probability of pre-
M(hlhmm—mhmmuwmh;nd‘m
e i wnits, i prog

e S e )

(R eyt T*ef\in-tRN-n-)

(l ﬂ)“ '(u(: -}rlr)

S —

Than {n} & pivin by

LANS [ £
a)w --om-m» - (N j(i—‘-—‘;)o m

mnmmw-m-wm—-‘

(19) Lok of chaim tramfer wes d by the Fullowing: (2} 9o
Eﬂmmm hod in stable slems (mpilary

. Swthentic Mandarde). (W) from ihe polysarization of erhyiene-d, snly
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Appendix: Elaboration on Fooinole {7

The probability of propagation to a chain of N 1links before
termination is given by

N-1
ky kp
Py * ke v K kp "f; that is, N-1 propagations
and one terminstion (1)

At a given time, assuming equilibrium of steady state is achieved,
the number average degree of polymerization is given by

. . o x, W1
. <N> = NP, = N
N-I'I N ; (Ff * Ep) (Er * Ep)

k
define v = (I"gli”) and an arbitrary wvariable 2
T P

I (N3 N-%f}- (I (ﬂ}N) - %ﬁ- (ﬁ'_:q—) A<l

N=]

([l-rl! + rl) - (1 )2
(1~rl]2

- + k 2
Set =1, ;ndNII Nl (f%w)z - (51157_2)

2
A el ke
o ) () -

This result agrees with that predicted by standard methods.

Now consider the co-polymeritation of two species: a
deutersted and an undeuterated monomer. The fate of growing
chains depends on the nature of the terminal unit, so split the
problem to a consideration of sach case: H-terminated snd D-
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terninated growing chains
(?g = N-1ink chain which is D-terminated, P: = N-link
chain, H-terminated).

Esch chain can either grow or terminate (temporarily ignore
isotope effects on complexation).

k! k
ternination ...._...3:...._.. P: S . B Pml
k7 N kp N+l
termination --——o~ Py et P

Ke know that
ry * Tate of propagation past an H-terminus

= ky (PH) {olefin)

r¥ = rate of chain transfer st an H-terminus

~ kI () (olefin).
Similarly -
kp ~ ky (Pp) (clefin)

r¥ - kg [PD) (olefin).

The probabilities of a given H-rxn {i.e., H-terminus reaction)
being propagation or termination are

H
T T
H H T T H
pu——_LLEW T /(k - ) and - k /(k + k )
Tyt ra HI\'H T x ¥ H/\"H T,

respectively; and similarly for D-rxnms.
The probability of s given reaction being an H-rxn is simply
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T ¢ T . (kg * kD) (Py) ..
Ty + TH e 1y ¢ 10 (g * k) (B ¢ O « XDy~ F

Similarly for aj (= prob. that a rxn is & D-rxn). 5o we have

LI prob. that a rxn is a propagation past am H-terminus

ky
e

Similarly

B
k
H T cqs :
- = probability that a rxn is termination
H (E Xk ) after an H-terminus

and
I (2
D" % {5, o

Now is is assumed that the ratio of the concentration of D-
}erm%nlted chain (growing) to H-terminated is a constant {(call
tc). :
(Pp)
(Py)

z £ = constant,

So the probability of terminsting s chain by chain transfer
after an H-monomer terminus after growing a chain of N units,
B of which arte 3

YR (‘; ‘:-n-l) ('1;) ((Nﬁl})
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Similarly for transfer after & D terminus:

DN o [.n-1 N-n D\ [N-
Piny (’n *H "r) (n-l)

Thus the probability of generating a chain N units long, n of
which are deuterated is given by:

N . HN DN
r’(m) p(n) * l}'(n)

N n-1 Nen-l H{N-1 D (N-1
Py *© ("n ™y ){'D"‘r(n) * TH'T (n-l)}

In order to simplify, note that

(P (Pp)
w = % (ky) » = —x (kp)
r.) (Py)
RPN R 2. Sy
where

R= (ky+ M) (B« (kp ¢ kD (Pp)

So,
P = (@) ok e ey 171}
. H -1 D [N-1
{(’n) (Py) [“n“r (ﬂn ) v kykr (n-l)]}

C ) o s (e [ 057t (2]
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- 1 n-1l N-n-1
(kB R TORR kb—) (‘“D} *

- — N
= (R)°N
(Cknk}l‘_ (N;;l) . kn(kgc) (:}))}
- (%)" (k¥ . kgc) GRS DL o (2)
Where :
S i (G AR (“;1) <y o) (%))
() ( x.,c) (Cky + k"2

In this form, the relationship of eq2 (2) to eq® (1) is obvious.
It only remains to be shown that

N-1 cky, Y LT
D H B (N-1
1000 - nZD (cxn - RH) (Ckn + kH) ky ( n )

) n-1 N-n
e 1
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Thus

Eo F?h) = 1 &8s required.
n=

Thus equation (2) represents the generslization of equation (1)
to thedcasc of two component polymerization, if the new definitions
are made

kp' = Xy + Ckp

. b
kT kT + Ckr
That is,
N, “'r') (kp') N-1 N
P (T .y Fn) (28)

Then, summing on & for a given N and determining the
sverage N (¢ <N>),

- N te k!
o = (L) - e

N={ in=0 T

k? * kH - C(kg - ID)

e

Now find <n> as s function of N

o e Loty o (R 02 ) ey ey

n=0
iy = () () b (mn,n-x en

[(cxn) xf (N;z) . kD) (ﬂ{)])
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o[ o () ).
Ck (ﬁ:ii]

e

el (1-eyN-P
ck
D
e =
N-1 H
N o n (8-1)-n (N-3)| ¥r
iy = [ o (]

D
N Ck
n-1 -ayN-n [N-]} T

) [n£1 et e ("'1) - qr]

1]

H ! D

k N-1 ’ Ck

- - 1 v ey (n-1)-v N-1 T
(N 1)('e E;T) * VZB 6" {1-9) (v+1) ( v ) E;T

H D D
(N-1) (9 [:51» + gz]) . :—;Tr

(N-1) (®) Ck¥
- -
q‘r

8¢

1\N N-1 Ciy
@« (3o ey (e

Recall

RY - "n‘ﬁr“c(“n‘kg) - kp' ot Ky
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Therefore

N-1 D

(xy') Kep' Ck Ck

< = .__r____.__‘__znl r.g) N1 e gt
{kT' + k?') P T

For a given N, the distribution of n is given by

N

P
- n - N
n[N) g_;n_(_)___ F (n)
(n)

nel

where F?n) is defined {(as earlier) as

n-1 N-n-1
po O ) ol 1) . gl N-l)

Now define

D
Ckn Ck.r

- dg=
T H W Py

N a1 H (N-1 p, (N-1
Finy * (ku (1oayN T *r') (C*n‘r ( n ) + Chpky (n-l))

. (I;E)N-l (un (R;l) (I%!) . (I%!) o1 (::i))
- () (R o ()« e (32)

*

So define
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N N-1
Gy = (148) (1+0) r':n)

n {N-1 n-1 K-}
- {“ ( n ) ¢ Ba (n-l);
Here G?n) represents the unnormalized distribution of n.

Examples

Suppose ¢=1, and let:

Let N = 8

AR O |
w
e
e
E

<> = I!F . (T%E) (N-1)

+

- F 7(‘{-%) - 3.98

Distribution for Cel, a=0.9, #=2 and N=20
<p> = §- + 19 (.or'g'_)-

- (R) e e (33)
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. 19 -
(0.93" (n) + 2 (o.9)0"1 (13—91)

SOM MMM MO MMM M MM MM
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CONCLUSION

In this thesis the results of a study of the suprafacial
2 + 2 reaction have been presented. The electronics of the
transformation have been described in terms of the motion
of four singly-occupied electronic orbitals. If these
orbitals are able to change their shapes in continuous ways
from reactants to products, and if these shape changes do
not result in the cleavage of either of the two active
bonds (as judged as orbital overlaps), then the suprafacial
reaction can occur.

The stipulation that both bonds be retained during
the entire reaction engenders severe restrictions. In the
nonpolar four-center process, the participation of an
orbital which is antisymmetric with respect to the reaction
is demanded. The energy of this orbital and its ability to
form a covalent bond which is antisymmetric with respect
to the reaction determine the energetic barrier to the
electronic reorganization implied by the 2s + 2S reaction,

One very common example of the Zs + 2S reaction is the
organometallic migratory insertion reaction - a cornerstone
in the chemistry of homogeneous catalysis. The principle
of maximum bonding upon which the Woodward-Hoffmann rules
are based, coupled with the description of the migratory
insertion as a concerted process, and the notion that a
given ligand environment around a given model supports one
state of covalency at the expense of the alternatives

suggests a simple rule for the design of homogeneous catalysts.
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During a homogenecusly catalytic cycle, the number of
covalent bonds to the metal at the active site of the

catalysis should remain constant.
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Odi et amo! Quare {d facdiam fortasse hequiads.

Nescio, sed geernd Sentio et exchucdion.

Gaius Valerius Catullus
“larming Catulli™ §5



