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Metallacyclobutane (MCB) intermediates of Grubbs and Schrock olefin metathesis catalysts are well-known for their

unusually short single bond-like metal to Cg distance and unusually long C,Cy distances. From the analysis of structural,

www.rsc.org/

bond order, electron density and 3C NMR data of a large variety of MCB systems, we show that the Cg of the metallacycle

possesses pentacoordinate geometry due to agostic type interaction of the metal with the C,Cy bonds. The

pentacoordination of Cg to the metal center is characterized by a catastrophe ring critical point (RCP) in the quantum

theory of atoms-in-molecule (QTAIM) analysis. Fine tuning of the ligand environment changes the catastrophe point to a

fifth bond critical point (BCP) which is clearly brought out in the case of two ruthenium olefin metathesis systems. Several

Ru and W agostic MCB complexes exhibiting pentacoordinate Cg as well as their non-agostic isomers have been reported at
the BP86/def2-TZVPP level of DFT. The agostic systems showed significant bond order between metal and Cg(0.17 - 0.36),
single bond-like electron density values at the catastrophe RCP/BCP and significantly large difference in B¢ NMR chemical

shift values between C, and Cg atoms.

Introduction

The Chauvin mechanism® of olefin metathesis, applicable
to Grubbs-, Schrock- and other related complexes is one of the
most elegant mechanistic pathways known in synthetic organic
chemistry for the last five decades.”” This general mechanism
suggests the formation of a metallacyclobutane (MCB) as a key
intermediate in the reaction (Scheme 1) through a formal
[2+2] cyclo-addition between the incoming olefin and the
metal-carbon double bond. The olefin coordination to the
metal is facilitated by the dissociation of a phosphine or a
labile ligand from the catalyst. Though the catalyst and the
olefin-coordinated metal complex possess 16-electron
configuration, the MCB, due to its +4 oxidation state is
formally a 14-electron system. Therefore, in the early
development of metathesis mechanism, MCB has been
speculated as a transition state whereas later experimental
and theoretical studies have confirmed it as an intermediate.*
3n 2005, Romero and Piers' gave convincing evidence based
on 'H and *C NMR measurements that 14-electron
ruthenacyclobutane intermediate of olefin metathesis is an
observable intermediate in N-heterocyclic carbene (NHC)-
stabilized Grubbs catalysts. Adlhart et al.” and Cavallo®
provided theoretical explanation for the formation of
ruthenacyclobutane in Grubbs olefin metathesis. Formation of
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MCB suggests the conversion of MC and CC double bonds to
the corresponding single bonds along with the formation of a
new CC single bond. In other words, a CC double bond is
activated to a single bond during the metallacycle formation.
In the subsequent step of cyclo-reversion, one MC and one CC
single bonds of the metallacycle are cleaved. Literature shows
that the activation barrier for cyclo-reversion is 5 - 10 kcal/mol
for Grubbs and Schrock olefin metathesis which is the most
noteworthy feature of the mechanism as this value is
astonishingly low for the cleavage of a CC single bond.® 3122
27,3436 5\,ch a low barrier for CC bond cleavage can be justified
only if the strength of the CC bonds in MCB is largely
deteriorated from a typical CC single bond. On examination of
the reported MCB structures of olefin metathesis in the
literature for Ru, Ti, Nb, W, Mo and Ta, one could easily
identify that the CC bonds of the metallacycles are weak as
they show significant elongation ~1.60 A compared to a
normal CC single bond, ~1.52 A>3 The substantial activation
of CC bonds in the metallacycles explains the low activation
barrier for the metathesis reaction.

'T IT JR' IT R
X — XM= = X I\?j
X/T L - x~

MCB
" \ ///
; . ]
R" X " =R I\‘/I
x/ N —\
, . R
R MCB

Scheme 1. The general scheme for alkene metathesis reaction.
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The CC bond weakening in MCB has been described in
terms of metal-carbon bonding interactions®® and studies
conducted on Grubbs first and second generation MCB
systems have shown that the highly electron deficient Ru(lV) in
14-electron configuration interacts directly with both CC o-
bonds.™ This interaction named as a,B-CCC agostic interaction
is found to be a common feature for many MCB systems (M =
Ru, Ti, Nb, W, Ta, Zr, Hf, V, Cr, Mo).ls' 37 Experimental electron
density studies and NMR studies by Ernst et al. supported the
CC agostic interpretation to describe the long CC bonds in
titanacyclobutanes.”'42 Recently Etienne and Weller have
reviewed this topic.4 The agostic bonding and substantial
values for the bond order between metal and Cy provided a
good explanation for the single bond-like metal-Cg distance
(2.2-2.4A) in McBs.”™> ¥

The X-ray structure determination of Grubbs metallacycle
intermediate is never reported in the literature whereas in the
case of Schrock catalyst, several stable tungstenacyclobutanes
have been reported. It is also known that depending on the
ligand environment and metal centers, the metallacycle can
form either trigonal-bipyramidal geometry (TBP) or a square
pyramidal (SP) geometry.“’ 2L, 446 Experimental
theoretical studies on these tungstenacyclobutane isomers”
12, 1718, 2122, 25, 27, 4748 rayealed that Cg of the TBP isomer is
different from a typical sp3 carbon center as it shows single
bond-like metal-Cg distance.

Though the single bond-like RuCg and WC;g distances in TBP
configuration of a metallacycle is described to be well within
the range of a typical bonding distance, a clear identification of
this type of metal-C interaction as a regular bond is yet to be
made. Previously Suresh and Baik have used an arrow
originating from an arc that connects the two o-bonds to
illustrate the electron donation to the metal through the
unusual a,B-CCC agostic interaction.™ Proposing a regular
bond between metal and Cg in MCB will lead to the immediate
identification of a large number of pentacoordinate carbon in
organometallic chemistry. The hypercoordination of carbon is
a well established phenomenon both experimentally and
theoretically.‘lg'54 Most of the hypercoordinate carbon centres
known are either part of an organic system or are coordinated
to 49 35-60 Some rare examples

3

and
s,

non-metals.”™, of
hypercoordination of carbon to metal centres are ClLis, Clig,
HC[Au(PPh3)]42+ and the nitrogenase
cofactor.>" ¢%3

The main aim of this paper is to show that Cg possesses an
undeniable amount of pentacoordination in the metallacycle
intermediate of Grubbs and Schrock olefin metathesis
catalysts. We also attempt to tune the strength of the metal-
Cp interaction in the Grubbs systems by varying the ligand
environment of the metal center. In certain cases, the RuCg
interaction attains extreme prominence and leads to the
formation of a fifth bond path in the quantum theory of
atoms-in-molecule (QTAIM) electron density analysis. Further,
geometrical, bond order and 3¢ NMR data will be used to
support our arguments to ascertain the fifth coordination of Cg
in MCBs. We will start with a systematic study on
ruthenacyclobutanes in the TBP and SP configurations. This

iron-molybdenum
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will be followed by a study on the X-ray structures reported for
tungstenacyclobutanes in the TBP configuration along with a
comparison on the SP isomer.

Computational details

All the calculations have been done using Gaussian09
program64 at the BP86/def2-TZVPP®>® level. This level of
theory is  previously used the  study
metallacyclobutadienes and found to yield structural data in
good agreement with experimental results.®*”* For Ru and w,
the def2-TZVPP basis set augmented with effective core
potential is wused. Vibrational frequency calculation is
performed on all optimized structures to verify their minimum
energy configuration (zero imaginary frequency). The
topological analysis of electron density (QTAIM analysis)n"74 is
done by using the AIMALL program.75 Wiberg bond order
(W.c,o)76 for all the complexes is calculated using Natural Bond
Orbital (NBO) analysis77 implemented in Gaussian09. For NMR
calculation, the Gauge-Independent Atomic Orbital (GIAO)78'79
method is used.

for of

Results and discussion
Structure of ruthenacyclobutanes

The 14-electron ruthenacyclobutane, the key intermediate
of the widely accepted dissociative olefin metathesis
mechanism possesses TBP geometry. The halo ligands occupy
apical positions of the TBP while the equatorial positions are
fulfilled by one N-heterocyclic carbene/phosphine ligand and
two RuC, bonds of the metallacycle. The ligands considered in
the present study include fluoro, chloro, bromo and iodo
ligands at the apical positions and N-heterocyclic carbene (1,3-
bis(methyl)-4,5-dihydroimidazole and 1,3-bis(2,4,6-
trimethylphenyl)-4,5-dihydroimidazole), phosphines  (PHj,
PH,Me, PHMe,,PMe;, and PCy;) and pyridine ligands at the
equatorial positions. The PCy; is used in Grubbs first
generation catalyst while heterocyclic carbenes are well
known in Grubbs second generation catalyst. Sometimes
pyridine is used as a leaving group instead of PCy; in
metathesis t:atalys,ts,.80 Further, the effect of methyl
substitution on a- carbon atoms of the metallacycle as well as
the effect of o-isopropoxyphenyl on one of the a-carbons has
been studied. Recently Jaque et al.”® reported that alkyl
substituents at the a-carbons improve the stability of the
ruthenacyclobutanes.

The optimized structure of all the 14-electron
ruthenacyclobutane complexes 1 — 16 with the general
formula Ru(CR,CH,CR,)X,L  where R = H/CH3/o-

isopropoxyphenyl; X = F, Cl, Br, I; L = NHC, PCys,Py, NCsF5 are
shown in Fig. 1 along with the important structural parameters
such as C,Cg, RuC, RuCg bond distances and C,CgC, bond
angle. Among these structures 9, 11, and 12 are the
ruthenacyclobutane intermediates of, Grubbs second, Grubbs-
Hoveyda81 and Grubbs first generation catalysts. The 1 - 16
complexes are characterized by significantly elongated C,Cg

This journal is © The Royal Society of Chemistry 20xx
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bonds (1.581 - 1.612 A) and RuC, bonds (1.936 - 2.021 A)
shorter than a typical single bond distance ~2.1 A. The single
bond-like RuCg distance (2.169 - 2.265 A) is yet another striking
structural feature of all these complexes. Further, the C,C3C,
bond angle (114.7 - 121.7°) is significantly deviated from the
typical Csp3 angle 109.5°. All these structural features clearly
suggest the existence of unusual metal-carbon bonding
interactions in the metallacycle.

<C,CeCy=114.7°

10 11

<CoCyC, =118.1° <CoCyC, =115.7°

Fig. 1 Optimised geometries of the 14 electron agostic complexes 1 - 16.

ctions -

ARTICLE

Among the fluoro (1), chloro (2), bromo (3) and iodo (4)
ligated Grubbs second generation metathesis intermediates,
the C,Cg distance decreases from 1 to 4 in the range 1.589 —
1.581 A whereas the RuCg and RuC, distances increase from 1
to 4; 2.245 — 2.265 A for the former and 1.948 - 1.975 A for the
latter. These results suggest that with increase in electron rich
character of Ru from 1 - 4, the RuCg interaction decreases.

<C,CyC, =117.3°

<CyCyC,=117.6°

<CCyC,=117.5°

12

<C,CyC,=121.7°

<C,CyC,=119.0°

3 \.6\ -‘:,.. L

16
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Complex 1 shows a slight amount of puckering at the Cg center
with RuC,CgC, dihedral angle 14° and in all other cases, the
metallacycle is planar. Apart from these geometrical
parameters, fluoro ligated system 1 shows a twist angle (0)
25.8° between the plane of NHC ring and the plane of the
metallacycle defined by Ru and two C, atoms. The 6, for the
chloro, bromo, and iodo ligated systems 2, 3 and 4 are 18.0,
10.7 and 2.9°, respectively suggesting that the halo ligands also
provide some amount of steric hindrance to the orientation of
the NHC ring. In the case of 1, a CH bond in the methyl
substituent shows CH...F interaction with a distance 2.076 A.

Compared to the unsubstituted 2, the corresponding
methyl substituted 5 at C, position shows slight elongation of
C,Cg and RuC, bonds and slight compression of RuCg bond.
With dimethyl substitution on each C, position (6), these
distance features further enhanced suggesting that methyl
substitution on the C,-position improves RuCg interaction by
lowering the RuC, and C,Cg interactions. The steric effect of
methyl group is obvious in 6 because the unhindered Cg comes
closer to the metal center. This aspect is clearly seen in C,CgC,
angle as a value of 116.8° in 2 increases to 117.6° in 5 and
119.0° in 6. Very similar structural features can be obtained by
comparing the unsubstituted 1 with the corresponding di-
methyl substituted 7 or tetra- methyl substituted 8.

In 9, 10 and 11, the NHC ring plane is coplanar to the
metallacycle which can be mainly attributed to the steric
hindrance offered by the mesityl substituent to the halo
ligands as another orientation of the NHC will give rise to
electrostatically unfavourable approach of the m-region of
mesityl substituent and the lone pair region of the halo
ligands. RuC, bond of 9 is 0.014 A shorter than 10 whereas
RuCg bond of 9 is only 0.003 A shorter than 10. In both cases,
C,Cp distances (1.584 and 1.586 A) are significantly longer than
a typical CC single bond. The geometrical features of the
Grubbs-Hoveyda intermediate 11 agree close to those of 10
except for the C,Cg bond defined by the o-isopropoxyphenyl
bearing a-carbon shows more elongation and the other shows
more contraction than the typical values. In the case of
Grubbs first generation MCB 12, the RuC bond distances and
the CCC bond angle parameters show close resemblance to the
values observed for the second generation MCB 10. The
shorter RuCy (2.238 A) bond distance of the Grubbs first
generation metallacycle 12 compared to the
generation metallacycle 10 (2.254 A) is noteworthy.

The pyridine ligated MCB (13 — 16) show shorter RuC, and
RuCg bond distances compared to their analogous phosphine
or NHC ligated systems. For instance, in the case of 13, the
RuC, bond distance 1.950 A and RuCy bond distance 2.213 A
are significantly shorter than those of the analogues phosphine
complex 12 as well as the NHC complex 2 and 10. Further, 13 —
16 show more elongated CC bonds than their corresponding
phosphine or NHC ligated systems.

Though the dissociative 14-electron pathway is the most
widely accepted olefin metathesis mechanism, the associative
16-electron pathway can also lead to CC bond metathesis
activity.13 The ruthenacyclobutane formed in this pathway for

second
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four Grubbs first generation systems (17, 18, 19 and 20) and
one Grubbs second generation system (21) are also considered
in this study (Fig. 2). The 17, 18, 19 and 20 systems differ only
in the type of phosphine ligand used, viz. PH;, PH,Me, PHMe,
and PMejs, respectively. This ligand variation is useful to assess
the stereoelectronic effect of alkyl substitution on phosphorus.
In 21, the unsubstituted NHC and one PMej; phosphine ligand
are coordinated to the metal. The 17 - 21 complexes possess
octahedral geometry as they show nearly orthogonal
orientation of the chloro ligands (CIRuCl angle 79 - 95°). The
structural features of the metallacycle region of 17 - 21 are
similar to the structural features of the 14-electron
metallacycles obtained in the dissociative pathway. They show
single bond-like distance parameters for RuCg (~2.20 A),
unusually long C,Cy single bond distances (1.58 - 1.68 A) and
unusually large C,CgC, bond angle (122 - 126°). It is
noteworthy that all these features are more dominant in the
16-electron metallacycles than the 14-electron metallacycles.

<CyCpCu=125.8° <CuCyCu=126.2°

<CoCpC,=126.3°

Y

20 21

Fig. 2 Optimized geometries of 16-electron agostic complexes.

The unusually long C,Cg bonds in the ruthenacyclobutanes
of 14-electron complexes (1 - 16) as well as 16-electron
complexes (17 - 21) can be interpreted on the basis of a,3-CCC
agositc interaction.”® The molecular orbital responsible for the
agostic interaction is shown for the 14-electron complex 2 and
16-electron complex 17 (Fig. 3). It appears that the highly
electron deficient Ru(lV) in desperate search for electrons
finds a way by directly interacting with both the CC o-bonds.”
The agostic sharing of the electron density from the CC o-
bonds to the metal leads to significant activation of those
bonds in all the complexes (1 - 21). At this point, it is
imperative to think about the existence of non-agostic isomers
of 1 - 21 as they will provide a clear demarcation between the
agostic versus non-agostic consequences of structural changes
in the metallacycle.

The SP configuration of all the 14-electron metallacycles
exists as energy minimum (1' - 16'). These systems show

This journal is © The Royal Society of Chemistry 20xx
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typical CC single bond distance 1.52 - 1.54 A and typical RuC,
single bond distance 2.10 - 2.20 A. Moreover, the RuCg bond
distance of all these structures are significantly longer (2.69 -
2.79 A) than any of the agostic complexes while their C,CsC,,
bond angle (96 - 102°) is substantially smaller than a C,,3 angle.
Some representative examples (2' and 6') showing these
structural features are given in Fig. 4 and the rest are given in
ESI. These structural data clearly suggest that RuCg distances
are well outside the bonding distances of these atoms,
confirming the absence of agostic type interaction in 1' - 16'".
Hence these systems are described as 'non-agostic complexes'
to distinguish them from the agostic isomers 1 - 16.

(a)

(©

Fig. 3 Molecular orbital showing the a,3-CCC agositc interaction in (a) 2 and in (b) 17.
(c) A schematic diagram showing the orbital overlap between the metal and the CCC

region.

f <C,CaCo=97.8°

<C,ChC, =102.3°

c

6

21'

Fig. 4 Optimized geometries of 14- and 16-electron non-agostic complexes.

17

This journal is © The Royal Society of Chemistry 20xx

Among the 14-electron agostic TBP structures and their
non-agostic SP isomers, the agostic one is more stable except
for the case of 1. The 1 is 3.21 kcal/mol less stable than the
non-agostic isomer 1' while all other agostic complexes show
1.19 - 15.90 kcal/mol more stabilization than their non-agostic
isomers (ESI). Among them the most stable agostic complex is
11.

It is noteworthy that non-agostic isomers 17' - 21' exist for
all the 16-electron agostic metallacycles 17 - 21. These systems
show values of CC, RuC, and RuCg bond lengths and CCC bond
angle very similar to that of 14-electron non-agostic
complexes. Two representative examples 17' and 21' are
depicted in Fig. 4 to illustrate these structural features. One
intriguing fact is that the structures of both agostic (17 - 21)
and non-agostic (17' - 21') complexes can be described in a
distorted octahedral configuration. If we choose the N-
heterocyclic carbene/phosphine ligands to define the axial
positions of these complexes, the halo ligands and the RuC,
bonds can be used to define the equatorial positions. The
distortion from the octahedral geometry is higher in non-
agostic complexes than agostic complexes as the former
systems show wider CIRuCl bond angle (132 - 165°) than the
latter. Mainly these two types of complexes differ in the metal-
to-ligand and CC bond distance parameters which suggest the
possibility of a rare condition of bond stretch isomerism in
organometallics.sz'84 However, such an isomerism can be
ignored if we invoke the condition that a fifth bonding
between Cg and metal in the TBP configuration exists. Since
the bond stretch isomerism is a highly debated subject, and
the focus of the paper is on the hypercoordination of carbon,
further study on this phenomenon in CC bond metathesis will
be presented elsewhere. In the case of 16- electron MCB, all
non-agostic models are more stable than the agostic models
except 18 by 1.70 - 10.30 kcal/mol (ESI). The 18 is 2.57
kcal/mol more stable than the non-agostic 18'.

Bond order analysis of ruthenacyclobutanes

Table 1 compares the Wiberg bond order (W,,) for the
agostic complexes with that of non-agostic complexes of
ruthenium. All the 14-electron agostic complexes show a bond
order ~0.20 for Ru and C interaction suggesting significant
bonding effect. Hence, the single bond-like RuCg distance
observed in these complexes cannot be attributed to the
structural restriction imposed by the four-membered ring. The
RuC, bond order above 0.95 is observed for those systems
without any substitution in the ring. Once the ring has
substitution on the C,, the RuC, bond order drops down to
0.931 - 0.869. This indicates steric influence of the substituents
on the strength of the bonds. In all the 14 electron agostic
cases, the CC bond order (0.932 — 0.858) is less than 1 whereas
that of non-agostic complexes (0.99 — 1.03) indicate stronger
bonds. The bond order ~0.03 observed for the RuCg interaction
in non-agostic complexes suggests no bonding effect between
Ruand Cg.

The RuCg bond order (0.301 — 0.362) observed for the 16-
electron agostic complexes 17 - 21 suggests that the bonding
interaction between Ru and Cj is stronger in these systems

J. Name., 2013, 00, 1-3 | §
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than the corresponding 14-electron agostic complexes. The
increase in the RuCg interaction leads to weakening of the CC
bonds as they show bond order 0.793 — 0.858. The non-agostic
16-electron complexes 17" - 21' show RuCg bond order ~0.03
suggesting practically no bonding interaction between the two
atoms. The correlation plot in Fig. 5 shows that the increased
bonding effect between Ru and Cg proportionally decreases
the bonding effect between C, and Cg atoms. This also means
that increasing the a,B-CCC agostic interaction increases the
bonding effect between Ru and Cg.

Table 1. Wiberg bond order (W,,) values for the agostic 1 - 21 and non-agostic 1' - 21"

respectively observed for the BCP’s of RuC, and C,Cg bonds of
1 - 16 whereas the corresponding values for the non-agostic
complex 1'— 16' are in the range 0.102 — 0.131 and 0.243 -
0.255 au. The p values of RCPs clearly indicate that agostic
complexes show significant electron concentration (0.070 —
0.083 au) towards the center of the metallacycle than the non-
agostic systems (0.052 - 0.061 au).

Table 2. QTAIM parameters for agostic 1 - 21 and non-agostic 1' - 21' complexes (all

Page 6 of 13

complexes.
MCB Agostic Non- Agostic

RuCu CuCp RUCB RuCu CQCB RUC[;
1 1.008 0.908 0.190 0.858 1.029 0.025
2 0.995 0.925 0.198 0.852 1.024 0.031
3 0.989 0.928 0.195 0.845 1.025 0.032
4 0.978 0.932 0.191 0.834 1.026 0.032
5 0.931 0.912 0.207 0.787 1.011 0.034
6 0.869 0.895 0.214 0.722 0.994 0.038
7 0.951 0.918 0.201 0.800 1.011 0.024
8 0.893 0.896 0.211 0.760 0.991 0.035
9 1.009 0.932 0.178 0.845 1.026 0.025
10 0.994  0.925 0.197 0.821 1.028 0.029
11 0.919 0.897 0.195 0.761 1.019 0.032
12 0.994 0.924 0.204 0.787 1.030 0.024
13 1.070 0.905 0.251 0.913 1.026 0.036
14 1.085 0.911 0.253 0.886 1.029 0.028
15 0.875 0.866 0.278 0.757 0.999 0.030
16 0.844  0.858 0.294 0.736 1.002 0.029
17 0.783 0.829 0.358 0.674 1.001 0.030
18 0.785 0.823 0.362 0.681 1.001 0.030
19 0.780 0.829 0.347 0.677 1.003 0.031
20 0.777 0.793 0.346 0.674 1.004 0.033
21 0.770 0.800 0.301 0.683 0.996 0.031

0.4
y=-1.606x+1.68
. R=0.966

035

0.25

RuCy bond order

0.8 082 084 086

C,Cy bond order

0.88 0.9 092 094

Fig. 5 A linear plot showing the correlation between C,Cs and RuCg bond orders.

QTAIM analysis

The QTAIM parameters such as electron density (p) at the
bond critical point (BCP) and p at the ring critical point (RCP)
for the metallacycle region are given in Table 2. The p values in
the range 0.135 - 0.158 au and 0.197 — 0.209 au are

6 | J. Name., 2012, 00, 1-3

valuesin au).
McCB Agostic Complex Non- Agostic Complex
RuC,BCP  C.Cg BCP RCP RuC, BCP  C,Cs BCP RCP
1 0.153 0.208 0.073 0.122 0.248 0.059
2 0.149 0.209 0.071 0.119 0.246 0.058
3 0.148 0.209 0.071 0.118 0.246 0.058
4 0.146 0.209 0.070 0.116 0.246 0.057
5 0.143 0.209 0.072 0.113 0.249 0.057
6 0.135 0.206 0.071 0.102 0.246 0.052
7 0.150 0.208 0.074 0.116 0.247 0.055
8 0.142 0.203 0.073 0.111 0.245 0.054
9 0.154 0.207 0.072 0.120 0.246 0.060
10 0.150 0.208 0.072 0.115 0.248 0.058
11 0.140 0.209 0.070 0.109 0.248 0.056
12 0.150 0.207 0.074 0.107 0.252 0.056
13 0.154 0.205 0.077 0.131 0.241 0.061
14 0.158 0.205 0.079 0.127 0.246 0.061
15 0.148 0.199 0.081 0.110 0.243 0.053
16 0.148 0.197 0.083 0.106 0.255 0.052
17 0.129 0.187 0.086 0.086 0.252 0.045
18 0.129 0.187 0.087 0.087 0.252 0.045
19 0.127 0.189 0.083 0.085 0.253 0.045
20 0.127 0.192 0.084 0.084 0.254 0.045
21 0.120 0.202 0.077 0.086 0.250 0.045

The QTAIM molecular graph along with the Laplacian (Vzp)
contour plots for the metallacycle region in the plane of
metallacycle for a representative Grubbs system 2 and its non-
agostic isomer 2' are given in Fig. 6. In the molecular graph,
dark green lines correspond to bond paths while pink lines
indicate ring paths connecting BCP and RCP. Dashed green
curves show area of relative electron concentration and solid
blue curves are areas of relative charge depletion. The
Laplacian contours of the agostic complexes are markedly
different from the non-agostic complexes. It is clear from Fig.
6a that charge concentration from C; towards the metal center
is significant in the agostic complex 2 whereas Fig. 6b shows
significant charge depletion from the central region of the
metallacycle in 2'. This argument is supported by the higher p
value at RCP of 2 (0.071 au) than that of 2' (0.058 au). In a
typical ring system, the ring paths has a sharp meeting point as
observed in the case of the non-agostic system 2' (Fig. 6b)
whereas the agostic complex 2 shows a characteristic flat
curvature for the ring paths meeting at the RCP (Fig. 6a) and
this aspect is clearer in the magnified image of the RCP region
of 2 given in Fig. 6¢. Although the existence of a bond path is
not a necessary condition to describe a bonding interaction
between two atoms, a hard-core Bader's fan would have liked

This journal is © The Royal Society of Chemistry 20xx
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the existence of a bond path between Ru and C; to
unequivocally assign the fifth bond to Cg. To our dismay, none
of the 14-electron agostic complexes showed the fifth bond
path for Cg whereas all of them showed the characteristic flat
curvature of ring paths meeting at the RCP. The Vzp plots of 1 -
16 complexes were very similar and markedly different from
that of their non-agostic isomers (ESI).

—0

\§

.\,, 8

)<<
N

A\

Fig. 6 Contour map of the Laplacian of electron density in the plane of metallacycle for
(a) 2 and (b) 2'. Only metallacyclobutane region is shown for clarity. The p values are
depicted in au. (c) Magnified image of the RCP region of 2 showing the flat curvature at
the meeting point of the ring paths.

Recently Suresh and Frenking reported similar flat
curvature for ring paths in the case of metallacyclobutadienes
(MCBD) of alkyne metathesis intermediates.”* They suggested
that such a feature is due to the existence of a catastrophe
point - a point where both RCP and BCP could merge. They
also showed that by restricting the metal-Cg distance to a
slightly shorter distance than the optimized one, QTAIM
topography of MCBD can exhibit a fourth bond path for Cg
along with two RCPs. The fourth bond path named as 1,3-MC
bond occupied the same plane of the other three regular
bonds (two CC and one CH) and suggested planar
tetracoordinate character to Cg in MCBD. We did a similar
study in the case of 2 by restricting the RuCy distance to a
value shorter than the optimized value 2.255 A and found that
at RuCy distance 2.010 A a BCP emerges for RuCy bonding
interaction along with two RCPs (Fig. 7). The constrained
geometry at RuCg distance 2.010 A'is 11.4 kcal/mol less stable
than the equilibrium geometry. The two RCPs and BCP lie very
close to each other in the constrained geometry indicating the
mergence of these CPs as the RuCg distance increases to the
equilibrium value. This leads to a catastrophe situation which
can be seen from the values of the three eigenvalues

This journal is © The Royal Society of Chemistry 20xx

(curvatures) of RCP/BCP as one goes from the equilibrium
geometry to the constrained geometry (Fig.S1 in ESI). At the
equilibrium geometry the three eigenvalues of the (3, +1) RCP
are -0.0526, +0.0693 and +0.3000 au. As the RuCg distance
decreases, the positive eigenvalue close to zero becomes
smaller and smaller and changes its sign at RuCg distance 2.010
A whereas the magnitude of the other two eigenvalues
increases. This means that the (3, +1) RCP which represents a
minimum p point in the plane of metallacycle and maximum p
point with respect to the path perpendicular to that plane,
changes its character drastically to (3, -1) due to a small
structural perturbation. At the (3, -1) BCP, the p value is
minimum with respect to the maximum density path
connecting Ru and Cg, but maximum to the rest of the
directions. Thus catastrophe nature can be assigned to RCP as
this point is at the verge of a critical change in character from
(3, +1) to (3, -1). It is also noteworthy that the p value 0.113
au for the RuCy interaction in the constrained geometry is
slightly higher than the p value 0.110 au observed for one of
the RuC, bond of the non-agostic complex 2' meaning that by
slightly adjusting the RuCg interaction, one could achieve
bonding effect as strong as RuC, for the RuCg interaction.

Bt

A

Fig. 7 Contour map of the Laplacian of electron density in the plane of metallacycle for
the constrained geometry of 2 showing fifth bond for Cy to Ru. Some portions of the
complex are omitted for clarity. The p values are depicted in au.

The QTAIM data of the 14-electron agostic complexes in
Table 2 and the QTAIM features of the constrained geometry
in Fig. 7 clearly suggest that development of significant
bonding interaction between Ru and Cg is responsible for the
catastrophe character of the RCP. Therefore, it is imperative to
assume that the Cgin the agostic complexes possesses a fifth
bonding interaction with the metal in addition to the existing
two CC and two CH bonds.*®

To our delight, among the five 16-electron agostic systems
studied, the equilibrium geometries of 17 and 18 showed the
presence of the fifth bond path between Ru and Cy in QTAIM.
The fifth bond path leads to two triangular ring structures
defined by Ru, C, and Cz (Fig. 8). As in the case of the
constrained 14-electron agostic complex 2 given in Fig. 7, the
two RCPs and the BCP lie very close to each other in 17 and 18.
Further, all these CPs possess nearly same p value (0.086 au).
The QTAIM data of 17 and 18 clearly suggest that with
sufficiently strong interaction between metal and Cg the
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catastrophe RCP in the MCB can be resolved into a BCP and
two RCPs. The Vzp plots of 17 and 18 are very similar to the 14-
electron agostic complexes as well as the 16-electron agostic
complexes 19, 20 and 21 except for the fifth bond path. This
suggests that the bonding interaction between Ru and Cg is
present in every agostic complex which cannot be ignored due
to the absence of a well defined fifth bond path. Instead, the
fifth bond of Cg could be judged from the significant build up of
electron density at the RCP and its catastrophe character. A
well-defined fifth bond path will arise only by very fine tuning
of the electron deficiency at the metal center by adjusting the
stereoelectronic properties of the ligands.

@

R

(b)

Fig. 8 QTAIM molecular graph of (a) 17 and (b) 18 showing the fifth bond path for the
Cg.

In general, QTAIM p value of 17 - 21 as well as 17' - 21' for
RuC,, RuCg (either RCP or BCP) and C,Cg bonds (Table 2) agree
closely with the corresponding bond order trends (Fig. 9a).
Among all the systems discussed so far, 18 has the highest
RuCg bond order (0.362) as well as the highest p value at the
RuCg BCP (0.087 au). A decreasing linear trend in Wy, with
increase in the RuC distance (both a and B carbon atoms) is
observed (Fig. 9b). These correlations suggest that QTAIM p
data is complementary to W, data. The highest values of the
ordered pair of (p in au, Wy,) data for the RuC, bond, viz.
(0.158, 1.085), (0.154, 1.009), (0.153, 1.008) are seen in
complexes 14, 9 and 1, respectively. For the RuCg bond, the
highest values of (p in au, W), viz. (0.087, 0.362), (0.086,
0.358), (0.084, 0.346) are obtained for complexes 18, 17, and
20, respectively. Thus from the W, assessment we may
conclude that the strength of the fifth RuCg bond in 18, 17 and
20 is around 35 % of the strength of the strongest RuC, bonds
in 14, 10 and 1 whereas the p data suggests that RuCg bond
strength is more than half the RuC, bond strength. The
comparison of (p in au, W,,) data of RuCg with that of the
weakest RuC, bonds, viz. (0.086, 0.674), (0.084, 0.674), (0.086,
0.683) for 17', 20' and 21', respectively suggests that the fifth
bond is as strong as RuC, (from p data) or at least half as
strong as RuC, (from W,, data). From all these analyses, it is
clear that RuCg interaction could be called as a fifth bond in all
the agostic MCBs. This bonding leads to small RuCg distance,
longer C,Cg bonds and wider C,C3C, angles than typical sp3
hybridized carbon centers. The W,, values and p values of the
fifth RuCg bond are in the range 0.18 — 0.36 au and 0.07 - 0.09
au respectively.
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Fig. 9 Plots showing correlation of (a) p against Wiberg bond order (b) Wiberg bond
order against bond length.

Tungstenacyclobutanes

In the case of Grubbs MCB systems, the structural data are
available only from computations while metathesis
intermediates of Schrock's alkylidene catalysts are well
characterized using X-ray crystallography. Hence it would be a
nice test to show that the computationally predicted features
of the Grubbs systems can be ascertained with the help of
metallacycles of similar origin in the Schrock olefin catalysis.
We do this comparative study by examining the
hypercoordinate state of Cg in known structures of
tungstenacyclobutane, available in the Cambridge Crystal
Database (CCD).18' 47,8587 The collected structures depicted in
Fig. 10 show TBP geometry. The TBP geometries are
compared with the X-ray structure of the SP isomer WUWNOR
(CCD ID is used to name the crystal structures)ss. In Table 3,
structural parameters of the tungstenacyclobutane region of
all these systems are given. All the TBP geometries show single
bond-like WCg distance in the range 2.349 - 2.398 A, long C.Cp
bonds (1.584 - 1.634 A) and wide C.CgC, angle (115 - 118°).

This journal is © The Royal Society of Chemistry 20xx
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These structural features are very similar to the agostic
metallacycles of the Grubbs ruthenium systems and strongly
point to the presence of pentacoordinate carbon in the
tungstenacycle. Compared to the TBP complexes, the SP
complex WUWNOR shows longer WC; (2.76 A), longer WC,
(2.17 A) and shorter CC (1.52 A) bonds as well as smaller CCC
angle (97.3). It is clear that tungstenacycle in the SP
configuration is very much like any of the non-agostic
ruthenacycles.

iPr
iPr

N
= || a0 = N (2353 | (239
o l.e Gl ey oo

iPr ol iP yv
- iPr o iPr

NUHSUF OZAKIK NEZZIC
;:EN ::: S:z?ﬁPr
N .
Mes |’ Jeses) Mes ” (2.359) iPr \
O o o T O
= _ / FsC O\‘/N%G{
Ph
Ph FaCu O G~
Ph Ph Ph Ph
Ph Ph
UHOYEW 0zAKOQ CETCOU

UHOYOG WUWNOR
Fig. 10 Schematic structures of tungstacyclobutanes obtained from CCD database. CCD
ID is used to name them. The WCg bond length is given in A unit in the parenthesis.

CEQDAF

ctionsii

ARTICLE

all the TBP systems showed a catastrophe RCP for the WG
interaction, but with higher p values (~0.10 au) at the RCP than
the ruthenium systems. We also optimized two structures (Fig.
11), one analogous to UHOYEW (22) without the isopropyl and
methyl substituents on the aromatic rings and the second
analogous to CEQDAF (23) wherein —OCF; ligand is used
instead of —OC(CF;)3). The ligand environment of 22 mimics
the basic features of NUHSUF, OZAKIK, UHOYOG, UHOYEW
and OZAKOQ while 23 mimics the ligand environment of
CETCOU, NEZZIC and CEQDAF.

Table 4. Wiberg bond order and QTAIM p parameters calculated for

tungstenacyclobutanes. Average value is shown for the two WC,and two C,Cgbonds.

MCB Wiberg bond order AIM p parameters (in au)

WCq CuCp WCg WC, BCP C.Cg BCP RCP
NUHSUF 1.001 0.905 0.202 0.195 0.199 0.097
OZAKIK 0.995 0.912 0.200 0.190 0.203 0.099
UHOYOG 1.016 0.912 0.198 0.192 0.209 0.101
CETCOU 0.958 0.927 0.237 0.185 0.206 0.100
UHOYEW  0.990 0.905 0.207 0.187 0.205 0.099
OZAKOQ 0.990 0.905 0.207 0.187 0.207 0.099
NEZzIC 0.985 0912 0.187 0.195 0.210 0.096
CEQDAF 1.008 0.899 0.227 0.191 0.202 0.102
22 0.985 0931 0.191 0.180 0.206 0.092
23 1.013 0.923 0.218 0.186 0.205 0.097
WUWNOR 0.841 0.863 0.039 0.165 0.244 0.075

Table 3. Structural parameters of the selected crystal structures and models 22 and 23.
Distances are in A unit and angles in degrees.

MCB WC. WG WG CCp  CC  <CoCila
NUHSUF 2039 2037 2380 1590 1.634 115.2
OZAKIK 2.070 2.043 2.353 1.600 1.605 118.2
UHOYOG ~ 2.040 2.056 2349 1592 1.585 118.0
CETCOU 2057 2079 2354 1589 1592 117.3

UHOYEW 2059 2057 2368 1597 1.603 117.4
0ZAKOQ 2076 2.048 2359 1590 1.602 118.3
NEZZIC 2.078 2.016 2.398 1.586 1.584 115.0
CEQDAF 2042 2065 2349 1604 1.603 118.1

22 2.093 2.082 2.401 1.599 1.604 117.8
23 2.071 2.073 2.379 1.604 1.602 117.8
WUWNOR 2.165 2.169 2.762 1.521 1.528 97.3

Fig. 11 Optimized geometries and QTAIM Laplacian contour of models 22 and 23

We also analyzed the Wy, values and QTAIM features of the
X-ray structures using the wavefunction obtained from single
point energy calculation (Table 4). The W,, values are in the
range 0.187 - 0.237 WCg, strongly indicating
pentacoordination for Cg. Similar to the agostic ruthenacycles,

for

This journal is © The Royal Society of Chemistry 20xx

The optimized structural parameters given in Table 3 for
the metallacycle region of 22 and 23 are very similar to that of
UHOYEW and CEQDAF, respectively. These data suggest that
the single bond-like WCy distance observed in the X-ray
structures cannot be accounted by the crystal packing forces
or by invoking the geometrical restrictions (strain) imposed by
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the four-membered ring. The QTAIM data and Wy, values of 22
and 23 are similar to those reported for the X-ray structures
(Table 4). The Laplacian contour plots of 22 and 23 depicted in
Fig. 11 illustrate the catastrophe nature of the fifth bonding
interaction between W and Cg (the ring paths meet at RCP with
a flat curvature). With a slight adjustment of the WCg distance,
the fifth bond path will emerge which is illustrated in the case
of 23 in the supporting information (Fig. S10).

NMR analysis

Schrock et al. have proposed that significant WCg
interaction in a tungstenacyclobutane can be ascertained from
the large difference it shows for 3¢ NMR signals (6C) of C, and
CB-45 Similarly, the strongest evidence to the formation
ruthenacyclobutane in Grubbs olefin metathesis is derived
from *C NMR measurements by Romero and Piers** who
showed that the (8C, - 6Cg) value 92 ppm in 10 is due to
significant degree of metal to Cg interaction. Later Rowley et
al.® theoretically supported this observation and suggested
that the large (3C, - 8Cg) value also indicates C,Cg activation. In
Table 5, 3¢ NMR values of the agostic and non-agostic
ruthenacyclobutanes are depicted while Table 6 depicts those
of the Schrock complexes. The theoretically computed (5C, -
6Cp) value 96 ppm for 10 is only 4 units deviated from the
experimental value by Romero and Piers." Similarly (5C, - 8Cg)
in the range 94 — 99 ppm is calculated for the unsubstituted
Grubbs MCB systems 1, 2, 3, 4, 9, 10 and 12. The Grubbs-
Hoveyda system 11 shows (3C, - 6Cg) 99 ppm while that of 5,
6, 7 and 8 (methyl substituted at C,) is 106, 118, 103, 113 ppm,
respectively. The pyridine ligated systems 13, 14, 15 and 16
show (8C, - 6Cg) values 112, 114, 131 and 141, respectively

Table 5. >C-NMR data for agostic and non-agostic complexes.

Table 6. >C-NMR data for tungstenacyclobutane complexes.

MCB Agostic Non- agostic
0C, 0Cg  0C.-0Cy  dC, 0Cz  8C,-3Cy

1 99 5 94 44 36 8
2 104 8 96 41 38 3
3 103 8 95 40 40 0
4 104 8 96 38 41 -3
5 129 23 106 58 57 1
6 154 36 118 81 72

7 125 22 103 57 51

8 149 36 113 77 67 10
9 101 7 94 39 31

10 104 8 96 40 37

11 116 17 99 44 44

12 106 7 99 33 36 -3
13 114 2 112 78 43 35
14 111 -3 114 57 38 19
15 158 27 131 76 67 9
16 171 30 141 78 63 15
17 172 27 146 88 74 14
18 172 26 146 85 75 10
19 170 26 143 85 76 9
20 171 26 145 83 77

21 161 23 138 75 73 2

10 | J. Name., 2012, 00, 1-3

MCB  85C. 6C;  6C.-8Cg
NUHSUF 68 -13 81
OZAKIK 72 -17 89
UHOYOG 75 -16 91
CETCOU 85 3 82
UHOYEW 73  -16 89
0zAKOQ 68 22 %0
NEZzIC 63 -13 76
CEQDAF 77  -16 93

22 83 -3 86
23 90 -3 93
WUWNOR 20 34 -14

indicating that the methyl substitution of the C, (15) and
fluorine substitution of the pyridine ligand (16) can
significantly improve the metal-Cg interaction. The 16-electron
MCB systems 17, 18, 19, 20 and21 show high (3C, - 3Cg)
values, viz. 146, 146, 145, 143 and 138, respectively. It is
noteworthy that 17 and 18 which show the highest (3C,, - 6Cg)
value possesses the fifth bond path in the QTAIM analysis. Also
the computed 3C NMR values of Schrock complexes agreed
well with the experimental values.” These NMR data clearly
suggest that 6C, and 3Cg of agostic complexes are markedly
different from that for the non-agostic complexes. In the
agostic complexes of ruthenium, the (6C, - 8Cp) values are
always very large (94 - 146 ppm) compared to the non-agostic
complexes (-3 - 35 ppm). Similarly, all the agostic complexes of
tungsten show (3C, - 3Cg) in the range 81 - 93 ppm while that
of the non-agostic WUWNOR is -14. In general, (6C, - 6Cp)
values show a linear trend with respect to the MCy distance
(ESI). These findings are in complete agreement with the
earlier conclusions drawn by Schrock et al. * thata large value
of (3C, - 3C) is a characteristic feature of metal-Cg interaction
in the metallacycles.

Conclusions

Analysis of the structural, bonding, electron density and B¢
NMR features of metallacyclobutane (MCB) intermediates of
Grubbs and Schrock olefin metathesis catalysts has revealed a
unique pentacoordinate state of the Cgin the system. The high
oxidation state of metal center in MCB propels the metal
center to accept electron density from the CC o bonds leading
to agostic bonding interaction between metal and CC bonds.”’
As a result, single bond-like metal-Cg distance is observed in
MCB systems. The fifth bond of Cz to the metal is clearly
brought out in terms of significant Wiberg bond order values
and appearance of a catastrophe QTAIM RCP in the
metallacycle. The p at the RCP of Grubbs systems is found to
be comparable to the p value of a normal RuC bond and for
some cases Wiberg bond order values indicated half the
strength of a normal RuC bond for the RuCg bond. In two
Grubbs systems, the fifth BCP is clearly observed. Appearance
of the catastrophe RCP is proposed as a strong indicator of the
fifth bonding interaction between Cgz in MCB. To resolve this

This journal is © The Royal Society of Chemistry 20xx
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RCP to a BCP, fine tuning of the stereoelectronic properties of
the ligand environment is needed. Further, an MCB system
showing a catastrophic RCP or fifth BCP is characterized by
significantly large (6C, - 6Cg) value than a normal MCB
structure. Thus pentacoordination of Cg is strongly supported
by 13C NMR data and it also provides an experimental way to

monitor the

formation of such metallacycles. The

pentacoordination of Cg to the metal inherently weakens the
CC bonds and facilitates the metathesis reaction.
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From the analysis of structural, bond order, electron density and 2 NMR
data of a large variety of ruthenacyclobutanes and tungstenacyclobutanes,
we show that the Cg of the metallacycle is pentacoordinate.

This B-carbon shows
five bond paths
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