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The recently prepared #3-propargyl complex [(73-CH,CCPh)Pt(PPhs),]" (1) exhibits unusual
regioselectivity in reactions involving nucleophilic addition to the propargyl ligand. Fenske—
Hall approximate molecular orbital calculations and density functional calculations have
been carried out to study the structure, bonding, and reactivity of 1. The calculations suggest
that the principal bonding interaction between Pt and the propargyl ligand occurs through
the terminal carbon atoms of the ligand, despite the observed short Pt—central carbon
distance. Optimized geometries for model complexes calculated by density functional methods
agree well with the reported crystal structure of 1. The observed nucleophilic addition to
the central carbon of the propargyl ligand is suggested to occur through a charge-controlled
mechanism, assisted by the presentation of a low-lying acceptor orbital on the central carbon

along the reaction path.

Introduction

Transition-metal 5*-propargyl and zt-allenyl com-
plexes have been known since the 1960s.! The propargyl
(A) and allenyl ligands (B) are isomeric. The 5! com-

“H)C—C==CH <«—> HC—C=—=CH -
A B

plexes have been studied extensively due to their
possible roles in catalytic reactions and their usefulness
as starting materials in organic synthesis.?2 The unsat-
urated nature of the ligand provides a starting point
for the synthesis of five-membered heterocyclic and
homocyclic organic rings® and many binuclear and
trinuclear organometallic complexes.?

Complexes containing 5?3 bonding modes of propargyl/
allenyl ligands were discovered only recently, including
complexes of Mo, Re, Zr, Pt, and Pd.* This new class of
organometallic = complexes has been the subject of
much interest in recent years because of unusual
structural properties and reactivity.> Our previous work
in this area has included the Pt complex [(73-CH,CCPh)-
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Pt(PPh3),]* (1), which has demonstrated an unusually
high propensity to undergo addition of nucleophilic
reagents.* Nucleophiles such as PMes, Br—, and CO add
to the metal center, resulting in decreased hapticity of
the propargyl/allenyl ligand and formation of y*-allenyl
and n-propargyl complexes. The products formed dur-
ing these reactions are highly dependent on the incom-
ing nucleophile. For example, addition of Br~ results in
the formation of square-planar »*-propargyl complexes
only, largely the trans isomer, whereas the addition of
PMe; results in the formation of an »*-allenyl complex
only.

Reactions involving nucleophilic addition to the #°-
propargyl ligand will be the primary focus of this paper.
The nucleophile adds to the central carbon atom of the
propargyl ligand, in contrast to n3-allyl complexes,
where nucleophilic addition is mostly observed to a
terminal C atom. Well-known exceptions to this rule are
the complexes Cp,M(CzHs)™ (M = Mo, W).% Extended
Huckel MO calculations have been used to explain the
unusual regioselectivity of nucleophilic addition in these
complexes.”® More recently, nucleophilic addition to the
central carbon of (y3-allyl)palladium complexes by some
more stabilized carbon nucleophiles has been reported.®
However, the predominantly observed sites of addition
are the terminal carbon atoms of the allyl ligand.
Addition to the propargyl ligand is observed for nucleo-
philes of the general form NuH: i.e., those with a
transferable proton. The resultant products are 73-allyl

(5) See, for example: (a) Wojcicki, A. New J. Chem. 1994, 18, 61.
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complexes. The reaction of 1 with Na[CH(CO,;Me),],
which results in the formation of a zwitterionic n3-allyl
complex, illustrates the unusually high propensity for
1 to react in this manner.*¢ The structurally analogous
Pd counterpart of complex 1 has also been prepared. It
has been shown to undergo reactions similar to those
of 1, although somewhat less readily.

In this contribution, we will use Fenske—Hall and
density functional electronic structure calculations to
address the structure, bonding, and reactivity of model
complexes of 1 and likely intermediates on its reactions
with nucleophiles.

Computational Details

Fenske—Hall Calculations.’® Fenske—Hall calculations
were carried out on a Pentium-based personal computer. All
atomic basis functions were generated by a least-squares fit
of Slater-type orbitals to the atomic orbitals from Herman—
Skillman atomic calculations.'* Contracted double- represen-
tations were used for the Pt 5d, C 2p, and P 3p atomic orbitals.
An exponent of 1.16 was used for the hydrogen 1s AOs.*? The
basis functions for Pt were derived for the +2 oxidation state
with fixed 6s and 6p exponents of 2.0. The basis functions for
C and P were derived from the O oxidation state.

The CH,CCPh~ ligand of 1 was modeled as CH,CCH™. The
lowest lying occupied valence molecular orbital of this model
ligand was deleted from the variational orbitals.'® The H atom
replacing the Ph group was placed along the Pt—Ph vector,
1.08 A from the C atom. The PPh; ligand was modeled with
PHs;, which had an H—P—H angle of 102°.** The model
propargyl complex [(73-CH,CCH)Pt(PHj3),]* (1') was idealized
to Cs symmetry. The structure of the model allyl complex [(;%-
CsHs)Pt(PHs).]" (2') was derived from the crystal structure of
[(73-C3Hs)Pt(PCys).]" (2)* and was also idealized to Cs sym-
metry. The structure of the hypothetical Cs metallacyclobutene
complex (72-CH,CHCH)Pt(PHz), (3') was assumed to have
standard C=C and C—C bond distances,*® a C—C—C angle of
120°, and Pt—Cm and Pt—P bond lengths equal to those in
1. The numbering convention used to label the carbon atoms
in complexes 1', 2', and 3' is presented in Chart 1.

Density Functional Calculations. The Amsterdam den-
sity functional (ADF) program,’ running on a Pentium-based
computer, was used for all calculations. All geometry optimiza-
tions were carried out with inclusion of Becke’'s nonlocal
exchange® and Perdew’s nonlocal correlation'® corrections (BP
functional). A double- basis set was chosen for C and H, and
a triple-¢ basis was used for Pt. A double-¢ basis set with
polarization functions was used for P. In nonrelativistic
calculations, the frozen core approximation® was used to treat
the 1s orbital of C, the 1s, 2s, and 2p orbitals of P, and the
[Kr]4d core of Pt. For relativistic calculations, relativistic core
potentials were computed using the ADF auxiliary program
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Chart 1
1"(1"): H\c1/cgz\cs/H(Ph)
' H/ \M/
|
H C2
2': \01/ \Ca/H
H/ \M/ \H
T
H c2
3: \01/ \cs/H
H/ \M/

M= Pt(PHg)z

DIRAC. Scalar relativistic effects were accounted for in the
calculations by use of the quasi-relativistic method?* of ADF.

Results and Discussion

Structure of the Bound p3-Propargyl/Allenyl
Ligand. The crystallographic C1—C2 and C2—C3 bond
distances observed in the H,C1C2C3Ph ligand in 1, 1.39
and 1.23 A, respectively, are intermediate between C—C
single and double and C—C double and triple bonds,
respectively.* Thus, the bond lengths are consistent
with resonance between propargyl and allenyl struc-
tures. From here on, the ligand will be referred to as
an »3-propargyl ligand for convenience.

Both of the resonance forms of the %3-propargyl ligand
would be expected to lead to a linear geometry at the
central carbon atom. The #3-CH,CCPh~ ligand in com-
plex 1 has a C—C—C angle (0) of 152°,4¢ which clearly
is not linear but is also considerably larger than that
observed in most #3-allyl complexes (ca. 120°).22 Thus,
we will first address the changes in the electronic
structure of the n3-propargyl ligand as the C—C—-C
angle is reduced. We will then look closer at the metal—
ligand interactions that induce the bending in the
ligand.

A Walsh diagram showing the effect on the orbitals
of varying the C—C—C angle of H,CCCH~ from 180 to
100° is given in Figure 1. In the linear geometry, the
anion is planar (C,, symmetry) with one, two, and two
pz orbitals available on C1, C2, and C3, respectively.
The 1by, 2bs, and 3b; MOs are the bonding, nonbonding,
and antibonding combinations of the out-of-plane &
orbitals; this & system extends over all three carbon
atoms of the ligand. The 1b, and 2b, MOs are the
bonding and antibonding in-plane x orbitals, which are
localized between C2 and C3. The 1by, 1b,, and 2b; MOs
are occupied, which leads to a localized  bond between
C2 and C3 and a delocalized & bond among all three
carbon atoms. This MO description is therefore consis-
tent with the resonance structures shown above.

(21) Ziegler, T.; Baerends, E. J.; Snijders, J. G.; Ravenek, W. J. Phys.
Chem. 1989, 93, 3050.
(22) Clarke, H. L. J. Organomet. Chem. 1974, 80, 155.
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Figure 1. Walsh diagram for the propargyl ligand
(H,CCCH"), as based on Fenske—Hall calculations. The
MO labels are given under both C,, and C; symmetry.

Decreasing the C—C—C angle, with concomitant py-
ramidalization at C1 and trigonalization at C3, leads
to some expected and unexpected effects. First, the 1b,
and 2b, MOs are, as expected, largely unaffected by this
geometric change. These MOs become the out-of-plane
1la" and 2a" MOs of the bent C; ligand. The 1b; MO,
which becomes the 1a’ under Cs symmetry, rises only
slightly upon bending; the decrease in C1-C2 and C2—
C3 z bonding is largely offset by an increase in the direct
bonding interactions between C1 and C3. The 2b; (2a’)
HOMO increases in energy on bending, as antibonding
interactions between the terminal C atoms increase.
This antibonding interaction becomes most significant
at § < 150°. The 3b; (3a') MO shows the most dramatic
change upon bending. This orbital drops considerably
on going from 180 to 110°, which can be attributed to a
decrease in the C1—C2 and C2—C3 antibonding interac-
tions and an increase in the C1—C3 bonding interaction
on bending. For the isolated anionic ligand, the 3a’
orbital falls below the 2a" orbital at 6 ~ 135°, at which
point it becomes the LUMO. Hence, decreasing 6 from
180 to 100° results in destabilization of the ligand
through increasing the HOMO energy and (at 6 < 135°)
decreasing the LUMO energy. As we will see, however,
these adverse effects of bending are offset by an increase
in the spatial overlap of the ligand orbitals with the Pt-
(PH3)22" 2b; LUMO orbital in model complex 1'. The
C—C—C angle of 152° observed in 1 thus represents a
compromise between destabilizing effects within the
ligand and stabilizing effects of the metal ligand inter-
actions.

Electronic Structure of [(#3-CH,CCH)Pt(PHs3).]*
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Figure 2. Molecular orbital diagram for the model prop-
argyl complex 1', [(PHz3),Pt(3-H,CCCH)]*.

(1"). The molecular orbital diagram of the model complex
1' is presented in Figure 2. We have presented the
results in a fragment approach, in which the orbitals of
the CH,CCH™ ligand interact with those of a Pt(PH3)2"
fragment. It is seen that the most significant interaction
between the two fragments occurs between the 2a’
HOMO of the CH,CCH™ ligand and the 2b; LUMO of
the Pt(PH3),2" fragment, which is a Pt 5d—PH; anti-
bonding combination that is directed toward the organic
ligand. The strong interaction of these frontier orbitals
forms the occupied bonding 3a’ and unoccupied anti-
bonding 6a’ MOs of 1'. Contour plots of these two MOs
are given in Figure 3. The occupied 3a’ MO represents
the formation of Pt—C o bonds, by analogy to the
bonding in other metallacyclic systems.23

The 1a" and 2a" =z orbitals of CH,CCH™, which are
perpendicular to the Pt—C—C—C plane of 1', do not
interact significantly with the metal fragment, mainly
because of small overlap. Likewise, the 1a' orbital of
CH,CCH™ interacts only weakly with the orbitals of
Pt(PHj3),2™; in addition to poor overlap, the low-lying 1a’
orbital is more energetically removed from the frontier
orbitals of Pt(PH3),?" than is the 2a’ MO of CH,CCH™.
We are thus left with a rather simple description of the
bonding between the two fragments as primarily involv-
ing one frontier orbital on each fragment, the 2a’' on
CH2CCH™ and 2b; on the metal fragment. The LUMO
of 1' is largely composed of the Pt 6p, AO, an observation
that we will note in the next section in discussions of
the reactivity of 1'.

It is interesting to note that the 2a’ orbital of the
CH,CCH~ fragment has essentially no contribution

(23) Thorn, D. L.; Hoffmann, R. Nouv. J. Chim. 1979, 3, 39.
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Figure 3. Contour plots of the 3a' and 6a’ orbitals of
complex 1'.

Table 1. Fenske—Hall Mulliken Charges on the
Carbon Atoms of Model Complexes 1', 2', and 3'2

C1 Cc2 C3
propargyl complex (1') —0.18 +0.27 —0.24
allyl complex (2") —0.16 +0.17 —0.16
metallacyclobutene complex (3) -0.28 +0.23 -0.31

a Refer to Chart 1 for the numbering scheme.

from the central carbon atom Ccgent, as is particularly
evident in Figure 3. At first glance, this observation
might seem inconsistent with the experimental observa-
tion of a short (2.150 A) Pt—Ccen: bond distance in the
crystal structure of 1.4¢ We propose that this short bond
distance is a result of the compromise between optimiz-
ing the C—C—C angle of the CH,CCH~ fragment and
the Pt—Cierm bond lengths.

To investigate further the structure of 1, density
functional geometry optimization calculations were car-
ried out on complex 1' and another model complex, [(°-
CH,CCPh)Pt(PH3),]* (1"). A comparison of calculated
bond lengths and angles for the model complexes and
the crystal structure of 1 is given in Table 1. The
nonrelativistic optimization of 1’ gives good agreement
with experiment for the C—C distances and C—C—-C
angle of the bound propargyl ligand. However, the Pt—

Graham et al.

ligand bond distances derived from the nonrelativistic
calculation are consistently too long. The inclusion of
scalar relativistic effects in the calculation considerably
improves agreement with experiment, reproducing most
of the Pt—ligand bond distances quite well. The largest
deviations occur in the Pt—Cgrm distances, which are
0.066 A too long and 0.084 A too short for C1 and C3,
respectively. Actually, the calculated distances for Pt—
C1 and Pt—C3 are closer to the experimental distances
for Pt—C3 and Pt—C1, respectively. This apparently
worrisome result is not surprising, considering that the
actual complex contains a phenyl group on C3, which
has been replaced by a H atom in the calculation. The
presence of a phenyl group on C3 should significantly
affect the interaction of C3 with the metal center and
consequently alter the interaction of Pt with C1. The
inclusion of a phenyl group on C3 would be expected to
improve agreement with experiment for these distances;
hence, geometry optimization calculations on the model
complex 1" were performed. As indicated in Table 1, the
inclusion of the phenyl group on C3 results in consider-
able improvement in both the calculated Pt—C1 and Pt—
C3 distances. The error in the calculated Pt—C1 dis-
tance is now less than 0.01 A, while the error in the
Pt—C3 distance is 0.042 A. In light of the above results
it would also be interesting to compare the relativistic
geometry optimization of 1’ to the structure of the [(33-
CH,CCH)Pt(PPh3),]* complex recently prepared by
Chen et al.2* Unfortunately, no crystal structure for this
complex has yet been reported.

Reactivity of 1. The reactions of nucleophiles with
1 have been extensively studied. With simple donor
nucleophiles such as Br~, PMes, and CO, nucleophilic
addition occurs to the Pt center, resulting in the
formation of n-propargyl and #»'-allenyl complexes.
These reactions are consistent with a frontier-orbital-
controlled nucleophilic attack that utilizes the
Pt-localized 4a"" LUMO of 1'.

The situation is more complicated when nucleophiles
with a transferable proton (NuH) are used. These
nucleophiles lead to apparent attack at the central
carbon atom, which, after proton transfer, results in 73-
allyl complexes. This reactivity contrasts with that of
nucleophiles with #n3-allyl complexes, which generally
leads to addition to a terminal carbon of the allyl ligand.

To shed light on these reactivity differences, we have
performed molecular orbital calculations on the model
allyl complex [(73-CH,CHCH_)Pt(PPhs).]* (2) in a ge-
ometry modeled after the crystal structure of [(13-CH,-
CHCH3)Pt(PCys)2] .15 In the model geometry, the ter-
minal carbon atoms of the allyl ligand are coplanar with
the Pt and P atoms, and the central carbon atom is
tipped slightly away from the Pt atom (the dihedral
angle between the C—C—C and the Cirm—Pt—Cierm
planes is 109.4°). The MO diagram for 2' is given in
Figure 4, presented with fragment analysis analogous
to that used in Figure 3 for complex 1'.

At first sight, the electronic structure of allyl complex
2' seems very similar to that of propargyl complex 1"
The direct interaction of the Pt atom with Ceen is weak,
and the LUMO of the complex is localized on the Pt 6p,
orbital. The central C atom carries a positive charge and

(24) Huang, T.-M.; Hsu, R.-H.; Yang, C.-S.; Chen. J.-T.; Lee, G.-H.;
Wang, Y. Organometallics 1994, 13, 3657.
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Table 2. Calculated Bond Distances (A) and Angles (deg) for the Model Platinum Propargyl Complexes 1’
and 1" Compared to Experimental Values for Complex 12

Cl-C2 C2-C3 Cl1-C2-C3 Pt—C1 Pt—C2 Pt—C3 Pt—P1 Pt—P2 P1-Pt—P2
1 (exptl)® 1.39 1.23 152 2.186 2.150 2.273 2.262 2.297 100.2
1 1.377 1.253 153.5 2.329 2.266 2.360 2411 2.425 96.4
1" (rel)® 1.387 1.263 149.7 2.252 2.161 2.189 2.254 2.265 95.7
1" (rel)° 1.400 1.257 153.0 2.193 2.162 2.315 2.240 2.276 97.6

a Refer to Chart 1 for the numbering scheme of carbon atoms. P Reference 4c. ¢ Calculation included scalar relativistic effects.

1a"

Pt (PH3),Pt2*  [(PH3),PHC3HRIT  C3Hg

Figure 4. Molecular orbital diagram for the model allyl
complex 2", [(PH3),Pt(173-CH,CHCH,)]™.

might therefore be the site of a charge-controlled nu-
cleophilic attack. However, previous studies on these
systems have indicated frontier-orbital control of the
nucleophilic attack at Cerm, of the allyl ligand.8 The 4a"
SLUMO (second lowest unoccupied MO) of 2' has a node
at Ceent. Further, because there is no low-lying virtual
orbital that is localized on Ccent, the formation of a new
bond at Ccent is not favored. Both the Cierm-based 4a”
SLUMO and the Pt 6p,-based LUMO can act as good
acceptor sites for frontier-orbital-controlled attack.
How does the above situation change in the propargyl
complex 1'? The 6a’ SLUMO of 1' has very little Ceent
character, like the 4a" SLUMO of 2'. Therefore, frontier-
orbital control of nucleophilic attack of the propargyl
ligand would seem to favor reaction at Cirm. However,
two factors serve to alter this analogy between the allyl
and propargyl complexes. First, there is a greater degree
of charge separation between Cierm and Ceent in the
propargyl ligand than in the allyl ligand. As shown in
Table 2, the Ceent atom of the propargyl ligand is more
positive and the Cirm atoms are more negative than
those in the allyl ligand. Thus, there is more likelihood
that the reactivity of the propargyl ligand toward

C-C-C angle = 120°

$hy

pt2* (PH3),Pt?* [(PH3),PYCHCCH,]*  CHCCH,®

Figure 5. Molecular orbital diagram for the complex
[(PH3)2Pt(;3-CHCCH,)]* (1'), with a C—C—C angle of 120°.

nucleophiles is charge-controlled. It is unclear whether
the increased Ccent—Cierm Charge separation would be
sufficient to change the reactivity of the ligand so
dramatically.

We propose that a second factor is involved in the
difference in reactivity between 1' and 2', namely the
availability of a potential acceptor orbital in the prop-
argyl ligand along the reaction pathway for nucleophilic
attack. That is, after an initially charge-controlled
approach by a nucleophile, the propargyl complex is
capable of presenting the nucleophile with a low-energy
acceptor orbital without drastically changing the geom-
etry of the complex. To explore this effect further, we
shall examine the changes in the electronic structure
of 1' as the C—C—C angle decreases, as it will upon
formation of the allyl complex that is the ultimate
product of the nucleophilic reaction.

Figure 5 presents the MO diagram for the propargyl
complex 1" in which the C—C—C angle of the propargyl
ligand has been decreased from 152 to 120°. Upon this
distortion, the 3a’ orbital of the CH,CCH™ ligand drops
below the 2a" orbital, as described earlier. This change
in orbital energetics, along with increased spatial
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2a"+3a"+4a’

\ 2a’

\
| "
Y 1a W
\

| 1a

Pt2+ (PH3),Pt2* (PH3),P{CHCHCH,) CHCHCH,2-

Figure 6. Molecular orbital diagram for the proposed
metallacyclobutene intermediate complex [(PH3).Pt(r%-
CHCHCH_y)] (3').

overlap, leads to a strong interaction between the 3a’
orbital of the CH,CCH~™ ligand and the 3a; orbital of
the Pt(PHj3),2" fragment. This interaction comprises the
LUMO of 1' in the distorted geometry, and the dominant
contribution to this MO is from Ccent Of the propargyl
ligand. We therefore suggest that an initially charge-
controlled interaction between the nucleophile and Ceent
leads to distortion of the ligand to a metallacyclobutene-
like intermediate with concomitant rehybridization of
the C skeleton to an sp? central C atom. This pathway
assists in the formation of the bond between Cgent and
the nucleophile via the presentation of a low-lying
acceptor orbital with significant Ceen character. There
is no similar means of lowering the energy of the 2b;
orbital of the allyl ligand of 2'. Thus, even if the initial
approach of 2' by the nucleophile is charge-controlled,
there is no mechanism to provide a low-lying acceptor
orbital for bond formation.

The Metallacyclobutene Intermediate. Casey and
co-workers have isolated metallacyclobutene products
in the reaction chemistry of #3-propargyl complexes of
Re.?> We have proposed that a metallacyclobutene
intermediate is likely in those reactions where nucleo-
philes add to the central carbon atom of platinum #3-
propargyl complexes.26 A similar mechanism has also
been suggested by Chen et al.?* To investigate the

(25) Casey, C. P.; Yi, C. S. 3. Am. Chem. Soc. 1992, 114, 6597.
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possibility of such intermediates in this Pt chemistry,
we have performed Fenske—Hall MO calculations on the
model metallacyclobutene intermediate (72-CH,CHCH)-
Pt(PH53), (3'). The MO diagram for this intermediate is
presented in Figure 6. We find no significant interaction
between the C—C & and n* (1a" and 2a"") MOs of the
ligand and the Pt(PH3),?" fragment. The ligand 2a’
orbital interacts strongly with the 2b; orbital of Pt-
(PH3)2%", in a manner similar to that observed in the
propargyl complex 1'. Also like 1', the terminal carbon
atoms of the #2-CH,CHCH?~ ligand carry a significant
negative charge (Table 2). We believe that the increased
negative charge upon bending facilitates transfer of a
proton from NuH to C3, resulting in the observed allyl
complex. The absence of a transferable proton should
lead to the isolation of the platinacyclobutene complex.

The recent synthesis of platinacyclobutenes through
the reaction of [(#3-CH,CCH)Pt(PPh3),]"™ with NEts,
PPhs, and CsHsN provides strong support for the notion
of a metallacyclobutene intermediate.?’” Chen et al. have
shown that protonation of the complex [(72-CH,C(PPhs)-
CH)Pt(PPh3),]" leads to the formation of the #»3-allyl
complex [(73-CH,C(PPh3)CH,)Pt(PPhs),]2", consistent
with the suggestion that platinacyclobutene complexes
may be intermediates in the reaction of 1 with nucleo-
philes of the type NuH.

Conclusions

The calculations presented here suggest that the
primary interaction between platinum and the #°-
propargyl ligand in 1 occurs through the HOMO of the
propargyl ligand, which is largely localized on the
terminal carbon atoms of the ligand. The observed short
platinum-to-central carbon atom distance arises as a
result of maximizing overlap between the HOMO of the
propargyl ligand and the platinum center and is not the
result of a strong interaction between Cgn: and Pt.
Density functional calculations on the model complex
1', with the inclusion of scalar relativistic effects,
accurately predict the structure of 1. Increasing the
complexity of the model complex by inclusion of a phenyl
group on C3 results in further improvement in the
predicted structure. We suggest that nucleophilic attack
at the central carbon atom of the propargyl ligand occurs
through an initially charge-controlled mechanism. How-
ever, the availability of a low-lying acceptor orbital along
the reaction pathway assists the progress of the reac-
tion. A metallacyclobutene intermediate is proposed,
which lies along the suggested reaction pathway. A
similar mechanism is not available in #3-allyl complexes.
We are currently carrying out density functional calcu-
lations in an attempt to further understand and map
the reaction pathway.
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