118 Organometallic2006,25, 118-121

How Strong Is an Agostic Bond? Direct Assessment of Agostic
Interactions Using the Generalized Compliance Matrix

Gerd von Frantziu$,Rainer Streubel;¥ Kai Brandhors€ and Jog Grunenberg?®

Institut fir Anorganische Chemie, Rheinische Friedrich-Wilhelms#drsita Bonn,
Gerhard-Domagk-Strasse 1, 53121 Bonn, Germany, and Instit@rfganische Chemie,
Technische Uniersitd Braunschweig, Hagenring 30, 38106 Braunschweig, Germany

Receied June 14, 2005

The strength of an-agostic bond in Ch=TiHF has been evaluated using the generalized compliance
matrix from HF (Hartree-Fock), MP2 (second-order MgllePlesset perturbation), CCSD(T) (coupled
cluster theory with single and double substitutions with noniterative triple excitations), and several
formulations of DFT (density functional theory) in combination with large all-electron basis sets. While
HF underestimates the agostic interaction, both MP2 and the local spin density approximation (LSDA)
dramatically overestimate the agostic-TH interaction strength. Hybrid DFT (B3LYP) and pure DFT
(BLYP) are in line with the CCSD(T) level of theory. The DFT compliance constants and their coupling
values are further used to characterize the agostiel &W interaction in [WECCMe;)(=CHCMe;)(CH,-
CMes)(dmpe)] @; dmpe= (dimethylphosphino)ethane). The strength of this agostic bond is analyzed as
a function of the metal atom and the molecular environment.

Introduction Hessian matrix) offers such an alternative. Compliance constants
S . . describe what came into focus of experiment and theory: the
Knowledge of individual bond strengths is crucial for the mechanical strength of a bond, which, in principle, is measurable

design of transition-metal-based catalysts. While for strong . g .
covalent bonds the frequently used bond dissociation enthalpiesby atomic force microscopy (AFM) of single molecufeBhese

(BDE) and other indirect methods can be far from describing physical measurements provide upper bounds to the mechanical
an intrinsic strength of a particular boidthe unique experi- streng.th of chemical bonds described py force constant§ or
mental determination of agostic bond strengths is often not COMPliance constants. A force constant gives the force required
possible at all and only approximate values are propd3tese to stretch a pa_lmcular bond_lthout reorganizinghe rest of the
difficulties lead to uncertain estimations of those interaction Molecule. While the numerical values of force constants depend
strengths between 1 and 20 kcal miot To separate real ~ ©n the coordinate system, this is not the case for compliance
differences from artifacts of different indirect proxy methods, constants. A compliance constant is the displacement of a bond
alternative ways to directly determine agostic bond strergths due to the application of a unit force on that bandluding
without reference to arbitrary or ill-defined states with no agostic reorganization This means that a higher numerical value is
interaction-is therefore needed. Further, since theoretical studies connected with a weaker bond. Introduced to vibrational theory
on the nature of agostic interactions are often based on thoseby Deciug and others,experimental compliance fields obtained
noisy energetic data, the need for reliable information on the by Jones and Swanson from vibrational data clarified the
intrinsic interaction strength is evident. The calculation of bonding forces in metal cyanides and carbofiyldile Williams
compliance constarfts(diagonal elements of the inverted used compliance matrices for the description of chemical
reactivity1° Calculations of full compliance fields have been
hiSngltE giz:rl%%rais dedicated to Professor Henning Hopf on the occasion of |,caq to investigate GeGall and Si-C'2 multiple bonds, the

* To whom cgfrespondence should be addressed. Tel: (49)2285-735345metal-metal bond character in homoleptic transition-metal
(R.S.); (49)531 391 5252 (J.G.). Fax: (49)228-739616 (R. S.). E-mail: carbonyls!® hydrogen bonds in WatserCrick base pair$? and
Jofrlghizrt]’g‘zﬂgeé?%ﬁéﬁ?ﬁﬁh(glﬁgjuﬁSgg{g‘;‘%‘m"bc’””'de RS.). polyphosphorus compoundfs.Recently, Andreoni and co-

§ Technische UniversitaBraunschweig. workers used compliance constants plus-Rarinello molec-

(1) For example, the BDE of the carbenarbon double bond in  ular dynamic simulations in order to analyze a proposeeSsi
substituted olefins varies over100 kcal/mol due to different stabilities

and differences concerning the singtétiplet gap of the fragments, though

the actual character or strength of the=C bond is the same. See: Carter, (6) Grandbois, M.; Beyer, M.; Rief, M.; Clausen-Schaumann, H.; Gaub,
E. A.; Goddard, W. A, Ill.J. Phys. Chem1986 90, 998. H. E. Sciencel999 283 1727.
(2) For transition-metal complexes, compare the discussion in: Martinho  (7) Decius, J. CJ. Chem. Phys1963 38, 241.
Simoes, J. A.; Beauchamp, J. Chem. Re. 199Q 90, 629. (8) See: Papousek, D.; Pliva, Spectrochim. Actd965 21, 1147.
(3) See, for example: Margl, P.; Deng, L.; Ziegler,drganometallics (9) Jones, L. H.; Swanson, B. Acc. Chem. Red 976 9, 128.
1998 17, 933. For a recent review on the description of agostic bonds, (10) Williams, I. H.Chem. Phys. Lettl982 88, 462.
see: Clot, E.; Eisenstein, O. IArinciples and Applications of Density (11) Grunenberg, J. Chem. Phys2001, 115 6360.
Functional Theory in Inorganic Chemistri{altsoyannis, N., McGrady, J. (12) (a) Grunenberg, Angew. Chen?001, 113 4150. (b) Grunenberg,
E., Eds.; Springer-Verlag: Berlin, Heidelberg, 2004; Vol. 113, p86. J.; Streubel, R.; von Frantzius, G.; Marten, W.Chem. Phys2003 119,
(4) See, for example: (a) Cotton, F. A.; Stanislowski, AJGAm. Chem. 165.
Soc.1974 96, 5074-5082. (b) Scherer, W.; McGrady, G. Sngew. Chem., (13) Cie, Y.; Schaefer, H. F., lIlZ. Phys. Chem2003 217, 189.
Int. Ed 2004 43, 1782. (14) Grunenberg, J. Am. Chem. So2004 126, 1631.
(5) Decius, J. CJ. Chem. Phys1962 38, 241. (b) Grunenberg, J.; (15) Katsyuba, S.; Schmutzler, R.; Grunenberd)dlton Trans.2005
Goldberg, N.J. Am. Chem. So@00Q 122 6045. 9, 1700.
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Table 1. Evaluation of Several Quantum-Chemical Methods with Respect to Their Ability To Describe am-Agostic Interaction
Using Compliance ConstantsC;

\

HFI  MP21 SVWNI BPW9Ll BLYPI B3LYPI CCSD(T)I CCSD(T)Il(ecp) B3LYP Il (ecpf

r(Tie+-H) (A) 2572  1.961  2.001 2.109 2.202 2.163 2.140 2.086 2.182
Cy(Ti=+H) Amdynl) 1047 2.067  2.405 4.702 7.877 6.330 7.356 4.980 6.936
r(Ti=C) (A) 1.855 1797  1.783 1.817 1.836 1.814 1.855 1.825 1.810
Ci(Ti=C) Amdyrm)  0.367 0172  0.224 0.265 0.310 0.276 0.377 0.322 0.281
Ti—C—H (deg) 119.7  80.6 83.3 88.2 93.0 92.0 88.4 86.4 92.3
out of plane (crm) 170.4 1280 —1460  —21.2 -57.9 57.0 145.5 109.2 -113

aThe optimized distancgTi---H)(agostic), the angle FiC—H(agostic), and the frequency of the out-of-plane vibration are also gMeamL2DZ (Ti).

triple bond'® These studies showed the usefulness of compliancetriple-¢ quality augmented with one set of diffuse functions and
constants as unique bond strength descriptors, due to theirtwo sets of polarization functions on all atoms (6-3HG(2d,-
independence of the coordinate system, while their transferability 2p); basis set I). The necessity to use polarization functions on
allows a comparison of any ateratom interaction, bonded or ~ carbon to characterize agostic distortions has been emphasized by
not, in different molecular surroundings. Andrews?!” Additional DFT and CCSD(T) calculations were done
Here, we report on the performance of several wave function using gsmallef triple}ba_sis set without diffuse functions (6-3116-
or density based methods in describimgagostic interactions  (4:p)) in combination with the Los Alamos LanL2BZeffective
by using generalized compliance matrices (inverse of the SO potential for titanium, basis set Il. Energy minimizations were
redundant Hessian matrix) from first-principle ab initio and followed by a ch_aracterlzatlon of the stationary point using
density functional theory. Evaluation of the different compliance frequency Cf'ilcu'at'ons' After the energy s_econd denvatlve_s (Car-
force fields was done for CHTiHF as a model system, teS|a(;1_ Hessian matrix) were tralr;sform_itlj |nt0ared(l;_ndant internal
because it is small enough for a treatment with highly correlated icnoccl)LrJ dlirrllztttehzy:‘;eon;ti(::orr:]t:;gmg dailstgr??:th?e Z?;r;izleséinocrgili-
wave functions in combination with large, all-electron basis sets

. . " ance matrix (generalized inverse of the Hessian n¥&jriwas
Further, due to the pioneering work of Andrews and co-workers, ¢ cylated using a modified Moor@enrose formalisi#f, Both the

experimental and theoretical data are now available for many (ansformation and the inversion was performed usingcounpli-
simple methylidene complexésin a second step, the effect  ance routine2s The Moore-Penrose algorithm circumvents the
of both the molecular environment and the nature of the necessity of defining a nonredundant coordinate system, making
metal on the agostic interaction strength was studied for the production of the compliance force fields, even for large systems

[W(=CCMe;)(=CHCMe;3)(CH,CMesz)(dmpe)] @; dmpe= (di- with complicated topologies, a straightforward task.
methylphosphino)ethane).

_ _ Results

Computational Details _ )
o _ CH=TiHF. The results are shown in Table 1. The coupled
In the present work, all optimizations and frequency calculations ¢|yster Ti--H compliance constant of 7.356 A mdyhpoints

were performed using the Gaussian 03 prograrts#fe did simple to ana-agostic (methylidene) interaction strength in £+TiHF
Hartree-Fock (HF), second-order MglleiPlesset perturbation  \yhich is comparablethough different in natureto that of a

(MP2)® local density (SVWNY? generalized gradient (BLY® —\0q hydrogen bon#: Using CCSD(T) as a reference method,
and BPWSY), hybrid density functional theory (B3LYPj,and . Hartree-Fock theory severely underestimates the agostic in-
coupled cluster theory calculations with single and double substitu- teraction (no T-C—H angle distortion; Ti-H compliance

tions and noniterative triple excitations (CCSD(#)AIl optimiza- .

. : : : constant 10.472 A mdyn), while MP2, SVWN, anéd-less
tions were done i1 symmetry. The all-electron basis set was of pronounced-BPW91 overestimates the agostic bond strength
(16) Pignedoli, C. A.; Curioni, A.: Andreoni, WChem. Phys. Chem. (Ti*+H compliance constants 2.067, 2.405, and 4.702 A mbyn

2005 6, 1795. respectively). Both the hybrid functional B3LYP ¢TiH

A 5117) (@ LCh%hH--CHS-: GAntilrvews, L){‘- PhyS-CChhem: 2004 1023 )62C?14- (E‘) compliance constant 6.330 A mdy#) and the pure DFT method
ndrews, L.; Cho, H.-G.; Wang, XInorg. Chem., in press. (c o, H.- ;
G.; Wang, X.; Andrews, LJ. Am. Chem. So2005 127, 465 and references BLYP (Ti-+-H compliance constant 7.877 A mdy]') reproduce

therein.

(18) Frisch, M. J., et alGaussian 03 Revision B.03; Gaussian, Inc., (25) (a) Krishnan, R.; Blinkley, J. S.; Seeger, R.; Pople, JJ.AChem.
Pittsburgh, PA, 2003. Phys 1980 72, 650. (b) McLean, A. D.; Chandler, G. 8. Chem. Phys

(19) Moeller, C.; Plesset, M. $hys. Re. 1934 46, 618. 1988 53, 1995. (c) Hay, P. J.; Wadt, W. R. Chem. Phys1988 82, 270.

(20) (a) Hohenberg, P.; Kohn, VlPhys. Re. 1964 136, B864. Vosko, (26) (a) Pulay, P.; Fograrasi, G.Chem. Physl992 96, 2856. (b) Peng,
S. H.; Wilk, L.; Nusair, M.Can. J. Phys198Q 58, 1200. C.; Ayala, P. Y.; Schlegel, H. B.; Frisch, M. J. Comput. Chenl996 17,

(21) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Lee, C.; Yang, 49. (c) Martnez Torres, E.; Lpez Gonzkz, J. J.; Feriadez Ganez, M.
W.; Parr, R. GPhys. Re. B 1988 37, 785. J. Chem. Phys1999 110, 3302.

(22) Perdew, J. P.; Wang, Yhys. Re. B: Condens. Matter1992 (27) Penrose, R. AProc. Cambridge Philos. Sod955 51, 406.
13244. (28) Brandhorst, K.; Grunenberg,Jompliance: Automatic Generation

(23) Becke, A. D.J. Chem. Phys1993 98, 5648. of Generalized Compliance MatriceBrogram Version 1.4; Braunschweig,

(24) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76, 1910. Germany, 2005.
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Table 2. Selected Experimental and Theoretical Bond
Lengths (DFT/II LanL2DZ(W)) and Their Theoretical Bond
Dissociation Energies in Complex 1 as Well as Important
Compliance ConstantsC; in Complexes 1 and 2

M=C M=C M—C M:+-H

M =W
Rexpil (A)13 1.785(8)  1.942(9)  2.258(8)  2.370
Rieory(A) 1.792 1.942 2.256 2.377
Cj in 1(A mdyn™?) 0.151 0.275 0.722 2.657
Cjin2(Amdyn?)  0.148 0.282 0.639 3.184
BDE (kcal mol?) 150.761 93.713 59.151

M = Mo
Rineory(A) 1.770 1.937 2.269 2.369
Cij (A'mdyn-1) 0.163 0.304 0.818 2.442

M =Cr
Rineory(A) 1.640 1.781 2.156 2.127
Cij (A mdyn1) 0.166 0.304 0.952 2.942

the coupled cluster result and should therefore give reliable
results for larger systems, which are out of reach for sophisti-
cated post-HartreeFock methods. Since, at least in combination
with basis set |, the B3LYP method additionally reproduces the
correct sign of the out-of-plane mode, we decided to use the
hybrid functional for all other calculations. An effective core
approximatiof® for the metal in combination with the small
triple-¢ basis set (6-311G(d,p), basis II) for all other atoms
produces a Fi*H compliance constant (B3LYP: 6.936 A
mdyn 1), which is still close to the coupled cluster result (basis
1), while the coupled cluster theory itself shows a much more
pronounced dependence on the basis set: the complianc
constant drops from 7.356 (basis 1) to 4.980 A mdytbasis

).

[W(=CCMe3z)(=CHCMe3)(CH,CMejz)(dmpe)]. In a second
step, we therefore performed B3LYP calculations of the ground-
state geometry and the full compliance field of the tungsten
complex [WECCMes)(=CHCMe;)(CH,CMes)(dmpe)Foa (1;
dmpe = (dimethylphosphino)ethane), whietalthough it has
been known for 25 yearsemains to date the only complex
confirmed by single-crystal structure analy&%¢featuring an
agostic W--H—C interaction and a formal tungstenarbon
single, double, and triple bond. This offers the unique op-
portunity of an internal calibratidd by studying an agostic
W---H interaction and several covalent-¥€ bonds of different
orders in a single molecuf8.The ground-state geometry was
obtained from full optimization using the B3LYP functional in
combination with the basis set 6-311G(d,p)/Los Alamos LanL2DZ
ECP at W (DFT/Il LanL2DZ(W)). In agreement with the X-ray
structure of compled a pentacoordinate tungsten in the center
of a slightly distorted square pyramid is surrounded by an apical

neopentylidyne ligand, basal neopentyl and neopentylidene

ligands, and a basal (dimethylphosphino)ethane unit. A com-
parison of experimental and calculated—\®, W=C, and
W=C bond lengths is given in Table 2. We also included the
theoretical bond dissociation energies (BDEs) computed with
respect to the following equations.

(i) W—C single bond: 1 — [W(=CCMe3)(=CHCMe;)-
(dmpe)] @A state)+ CH,CRMe; (%A state)

(i) W=C double bond:1 — [W(=CCMe;)(CH,CMes)-
(dmpe)] ¢A state)+ CHCMe; (A state)

(29) (a) Clark, D. N.; Schrock, R. R. Am. Chem. So&978 100, 6774.
(b) Churchill, M. R.; Youngs, W. JJ. Chem. Soc., Chem. Comm879
321. (c) Churchill, M. R.; Youngs, W. Jnorg. Chem 1979 18, 2454. (d)
Compare the seminal paper by: Goddard, R. J.; Hoffmann, R.; Jemmis, E.
D. J. Am. Chem. Sod98Q 102, 7667.

(30) Review on multiple metalcarbon bonds: Schrock, R. Rhem.
Rev. 2002 102, 145.

von Frantzius et al.

(i) WC triple bond: 1 — [W(=CHCMe:)(CH.CMez)-
(dmpe)] (A state)+ CCMe; (*A state)

Since we are not interested in absolute dissociation energies
but in the trend for individual W-C bonds in1, we did not
correct the individual BDEs for basis set superposition errors
(BSSE). Though BDEs and compliance constants describe not
only different regions of the energy surface but also measure
different physical properties, both quantities should show the
same tendency. At least in the case of comgleon comparing
BDEs and the compliance constants (see Table 2), a relationship
can be found (though it is not linear). A stronger~\@ bond
(lower compliance constant) is connected with a higher bond
dissociation energy (see Table 2). While the-® single bond
is described by a compliance constant of 0.722 A mdyand
a BDE of 59.15 kcal molt, the W=C double bond and the
W=C triple bond show compliance values of 0.275 A mdyn
(BDE = 93.71 kcal mot) and 0.151 A mdyn! (BDE = 150.76
kcal mol1), respectively. One should keep in mind that, in
contrast to BDEs, which also include relaxation of the dissoci-
ated fragments, compliance constants reflect the intrinsic bond
strength exactly at the equilibrium geometry without making
any reference to the fragment stability. That means, for agostic
interactions-or any case, where it is hard to uniquely define a
reference system of dissociated fragmerttsmpliance constants
allow a direct and unambiguous characterization of the interac-
tion strength.

Using Scherer’s definition of an agostic interactf8mye find
in our B3LYP optimized structure a geometrical distortion of

Ghe neopentylidene ligand, which has already been noted by

Churchill et al.2% the W—C2—C4 angle of 152 deviates from

the ideal 120. Calculating the vibrational frequencies, the
stationary point was then further characterized as a minimum.
To determine the W-H interaction strength, we again included
the agostic W--H distance in the set of internal coordinates.
Because of the transferability, the resulting generalizeet MV
compliance constant can directly be compared with the agostic
bond in our benchmark system @HTiHF or any other type

of atom—atom interaction. The resulting generalized compliance
constant inl (Cy++-H, 2.657 A mdyn'; W---H distance, 2.377

A; Table 2) points to a much stronger agostic interaction in
comparison with CH=TiHF. The agostic interaction strength
is now comparable with that of a strong, linear Nl hydrogen
bond“ but is still well below 10 kcal/mol.

Effect of Steric Constraint and the Metal Atom: Compli-
ance Coupling Constants.To further evaluate (a) the steric
influence! of the large substituents ih and (b) the effect of
the central metal atom, we also did compliance constant
calculations on a model system with significantly reduced steric
strain [WECMe)(=C(H)Me)(Et)(dmpe)] ®) (Figure 1, Table
2) as well as orl where tungsten is substituted by chromium
and molybdenum. The transferability of the compliance con-
stants again allows a direct comparison of the interaction
strengths and should further clarify the nature of the agostic
bond. The larger ...; compliance constant (weaker interaction)
of 3.184 A mdyrt in 2, where the steric strain is significantly
lowered by the ethylidene ligand, points to an assisting effect
of the substituents operative in compliExthe agostic hydrogen
in 1 is beeing “pushed” close to the metal center by the large
neopentylidene substituent. Concerning the nature of the metal
atom in [M(ECCMe;)(=CHCMe3)(CH,CMez) (dmpe)] in the
triad M = Cr, Mo, W, the strongest agostic bond is found for

(31) For a more detailed discussion see: Ujaque, G.; Cooper, A. C.;
Maseras, F.; Eisenstein, O.; Caulton, K. GAm. Chem. S0d.998 120,
361.
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Figure 1. Effect of steric strain on the agostic interaction. DFT/Il LanL2DZ(W) optimized structure and selected compliance constants in

A mdyn1 for the W—C, W=C, W=C, and the G&H-:*W bond in [WE&CCMe;)(=CHCMe;)(CH,CMe;)(dmpe)] (1) and model systerfi
with reduced strain. A higher compliance constant is connected with a weaker bond.

Table 3. Part of the Symmetric 204x 204 DFT/II constant of 0.405 A mdyr. At least for the formation of the
LanL2DZ(W) Compliance Matrix for 1 2 agostic W-+H bond in the alkylidene complex [WCCMe;)-
W=C W=C W-C agostcW-H H-C (=CHCMe;)(CH,CMe3)(dmpe)] @), this points to a strong

W=C 0.151 contribution of the W=C bond to the total energy lowering.
W=C -0.010 0.275 Systematic calculations to quantify the individual contribu-
W*Ct_ Weh *8-8&53 *8-2(1)2 8-83(25 ) 657 tions on a variety of complexes containing agostic interactions
agostic Vv-- —0. . —0. . i
Hg—C 0003 —0.025  0.006  —0017 0.249 as well as the influence of the metal and the molecular

environment are underway.

aThe values are given in units of A mdyh Note the large C(agostic .
W—H)—(W=C) coupling constant. A higher numerical value of a diagonal Conclusions
element (a compliance constant) describes a weaker bond. Couplin : : : : :
constants( (off—dia%onal elements))are directly proportional to the amgun? (a) The g_enerallzgd compllanc_e matrix (geperallzed nverse
of interaction of the coupling coordinates. of the Hessian matrix) allows a direct and unique quantitative

determination of agostic bond strengths, without reference to

molybdenum with a compliance constant of 2.442 A midyn  arbitrary or even ill-defined reference points. This feature makes
followed by tungsten (2.657 A mdy#) and chromium (2.942  the comparison of agostic interaction strengths in different
A mdyn™1). molecular surroundings a straightforward task.

While the diagonal elements of the compliance matrix  (b) Using the small methylidene complex GHTIHF as a
correspond with the internal coordinates (bond lengths, angles,benchmark system, MP2, LSDA antkss pronouncedBPW91
or dihedrals) the interactions of internal coordinates are being theory overestimates the-agostic interaction strength, while
described by the off-diagonal elements (interaction compliance simple Hartree-Fock theory severely underestimates it. Both
constants). Columrk of the full compliance matrix can be  the hybrid functional B3LYP and the pure DFT method BLYP
interpreted as the vector of coordinate displacement from the seem to offer a more balanced description of covalent and
minimum configuration upon applying a force of unit amount electrostatic contributions as well as short-range dispersion.
on coordinaté while the remainder of the molecule relaxesto  (c) For both systems, GHTIHF and [WECCMey)-
a new minimum with coordinatie displaced:?® Table 3 shows  (=CHCMae;)(CH.CMes)(dmpe)], the strength of the-agostic
the interaction compliance constanthat is, the change inthe  bond is in the rangethough different in natureof a typical
electronic configuration upon displacement of a specific bond hydrogen bond £10 kcal/mol).
j—for the tungsten complex describing further details of the
bonding forces irl. A participation of the neopentylidene-E1
bond in the agostic bond formation should result in a significan
C(agostic W-H)—(H—C) compliance coupling constant. In-
stead, while most of the interaction compliance constants are
moderate, we found a large C(agostic-\W)—(W=C) coupling OMO050489A
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