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Abstract: Using density functional techniques the-B spin—spin coupling constantyp has been calculated for a
range of osmium(Ih-dihydrogen complexes [Os(NJALZ(57%-H2)] @2+ in which properties of the HH bond are
modulated by variation of th#ansligand L# (L? = (CH3),CO, H,0, CHCOO~, ClI~, H™, CsHsN, CH3;CN, NH;z,
NH,OH, and CN). The results of the calculations are compared with the available experimental values. A high
degree of correlation between the calculalgsl H—H bond lengthryy, and Os-H; interaction energy is demonstrated.
Consistent with the experimentally established trends in a wide variety of complexesries inversely withryy.

This behavior, opposite to that in free HD, is explained in terms of the mdiaydrogen bonding mechanism.

Introduction

The measurement and interpretation of hydrogaeuterium
coupling constantsJf;p) have played an important role in the
structural characterization of many transition metdihydrogen
complexes, providing a probe for both hydride ap#H;
coordination. More specifically, an inverse correlation between
Jup and the H-H distance in a range of dihydrogen complexes
has been experimentally establisded. The relationship be-
tweenJyp andryy appears to be essentially linear, with slopes
of approximately—0.01 to —0.025 A/Hz, depending on the
interpretation of the experimental data.
definitive neutron diffraction data the +H distance is most
often deduced from the study of the spiattice relaxation times
(Ty) in solution NMR experiments. Depending on the assump-
tions made in the interpretation @} data, such as the rate of
(internal) rotation of H relative to the overall rotation of the

complex, there is some uncertainty associated with the inferred

H—H distances, which at times may be considerdbleonse-
quently, the scatter in the plots of “experimentaliy versus
Jup is generally attributed to the uncertainty rigy.

Intuitively, one may expect the HH distance dependence
of the coupling constant to reflect the degree ofHibonding
in the dihydrogen ligand. Similar relationships, such as tha
between protorproton coupling constant and bond order, are
well established in organic chemistry and are commonly used

as a chemical rule of thumb, although such relationships have
been demonstrated for protons not directly bonded to each other.

In free H,, however, careful quantum chemical studies have
shown that the coupling constant actuafigreaseswith H—H
distance® The explanation for this initially unexpected behavior
is that as the HH bond becomes weaker.e., longer, the
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In the absence of

nuclear magnetic moments perturb the electronic wave function
to a successively greater degree, resulting in an increase in the
coupling constant. (In the limit of complete dissociation the
coupling constant does, of course, decay to zero.)

The observed inverse relationship betwelap and ryy in
molecular hydrogen complexes, opposite to that in free H
reflects the effects of the metahydrogen interaction and one
of the aims of this work is to provide an explanation for it in
terms of the bonding mechanism in these systems.

The work reported in this paper is concerned with the
guantum chemical calculation of+D coupling constants using
density functional theory (DFT) in the series of osmitm
dihydrogen complexes [Os(NHLZ772-H2)]@2+ in which the
nature of the Os(Ih-H, bond is modulated by variation of the
trans ligand L# (LZ = (CHs),CO, H0, CH,COO, CI~, H~,
CsHsN, CHsCN, NHs, NH,OH and CN). The general structure
of the complexes is shown in Figure 1. The equilibrium
geometries and the binding energies of the ligandsaht L2
in these complexes have already been repdrt&d Our current
study complements and extends previous theoretical work on
these complexes that included the calculation of coupling
constants at the SCF and MP2 levels of thébwhich were

t actually the firstab initio calculations of}p in transition metal

complexes.

The calculation of coupling constants using DFT is a
relatively new area of research. However, the recent work of
Malkin et al'213 on a range of small organic molecules has
shown that DFT is capable of providing an accurate description
of spin—spin coupling and therefore it holds considerable
promise for the calculation of coupling constants in large organic
and biological molecules.

Theory and Computational Details

The nuclear spifrspin constandag is a measure of the interaction
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If the magnetic moments are treated as continuous variables, the
coupling constant can be defined as a gradieiat,

_ hyave 0E(uatts)
47 Juadug

AB #pa=0ug=0 (5)

where E(ua,ug) is the perturbed energy of the molecules., the
expectation value of the Hamiltonian of eq 2. If the Hellmann
Feynman theorem is obeyed, as in the case of (single reference) SCF
and DFT wave functions, the simpler formula

hyave 9 Y
e =5 g Wl ), o (6

can be used, wher(u,) is a wave function calculated using the
perturbed HamiltoniarH(ua,0)17-2° The differentiation in eq 6 is
performed numerically.

The sum over states formula (4) is nevertheless very useful, as it
enables one to interpret the coupling constant and its variation in terms
. = ) of simple chemical concepts via molecular orbital (MO) theory. For
Figure 1. The general stereochemistry of the [Os@H(;*H)]“*2* a molecule with a closed shell singlet ground state, approximating the
complexes. ground and excited state wave functions by the SCF determinant and
its singly excited triplet spin-coupled configurations respectively results

in the expressidh

4

between two magnetic dipolar nuclei A and B,

4 . .
AEpg = hdygl ol = LVBJAB”A.”B (1) (@i10(r a) 11| 6(rg) ;0

hya e = ~Apg z z AE (7)
ra i—a

where AEag is the interaction energya andlg are the nuclear spin

angular momenta (in units df), ua and us are the corresponding  \yhere( 4} and{¢s} are the occupied and virtual MO’s of the molecule,

magnetic momentsya andyg are the gyromagnetic ratios, aids  rsyg__1 are the appropriate singlet to triplet excitation energies, and
Planck’s constant. In the case of H and D nuclei the dominant coupling

mechanism is generally believed to be the Fermi contact term; this is 12 2
supported by work where all contributions have been calcufétéd> Apg = n_z(éuogsuB) YaVB (8)
The perturbed molecular Hamiltonian is then written in the form

In H, the most important excited state wave function corresponds

H(arttg) = Ho + uaVa + gV @ to the lowests state, described by the configurationglo,, hence
where the perturbing termgVa andusVs represent the Fermi contact Mo, |8(r 2)|10, Mo, |6(r ) |10,
interaction between the electrons and the nuclear magnetic moments. Jip X —Apyp— A uu T e (9)
Thus, *AE(loj—10,)
o 2 . The dominant contributions to the matrix elements in eq 9 are due to
Va= éﬂogsuszé(reA)Sz(e) ©) the hydrogen 1s atomic orbitals (AG3g.,
e

2
where (using S| notation), is the permeability of free spaces is ELaglé(rA)|1auD% C(A'OQ)C(A’O“)llsA(rA)| (10)

the Bohr magneton (not the magnetic moment of nucleug8$, the
free-electrory value,rea is the position coordinate of electron e relative 10, and . MO’
to nucleus A, andS(e) is the zcomponent of the spin angular g a Y S

momentum operator of electron e. The standard perturbation theory.mlr: th?. mnqle(éularrhé/déo%ep ?r?]m[:fedxer? (t)f (zsl:()“)'l—,!”:e m:hadrﬂr(igegn
expression for the coupling constant is tHen interaction Is described In terms otdonation by H to an empty

Os orbital and d back-donation by Os to the-* MO.° In other

wherec(A,o0y) andc(A,oy) are the coefficients of the 4AO in the

RV L RLYAL (A words, the &g and I, MO's of H, mix strongly with the appropriate
Jo = hyavs ol Val oIV, Vg [T @) metal orbitals, reducing their hydrogenic 1s character and thereby
AB 272 & E,— E decreasing the numerator in eq 9. Assuming that the relative change

in the energy®AE(log—10,) is small on complex formation, the

whereW, and{W,} represent the ground and excited electronic states Variation in the HD coupling constant could be correlated with the
of the molecule with energieS, and{Ey}. _strength_ of _the me_ta%dlhydrogen interactioni,e., predict a decrease
The practical approach to the quantum chemical calculation of N JHo With increasing metathydrogen bond strength.

) ) . _ . i i e 1L i i
coupling constants is by the techniques of finite perturbation tH&o#. As in our previous studies;! the calculations described here were
performed using the effective core potentials (ecp) and basis sets of
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Table 1. Calculated (BLYP) and Observed Values of-B 25.0 ~
Coupling Constant)up (Hz), the H Binding Energy ¢ AE(H>) e
kcal/mol), and H-H and Os-H Distances (A) for the Various yd
[Os(NHs)sLH(#%-H2)] @2+ Complexes CH,CNg, ~
200 | CHNW
JHD ///
L? calc obs —AE(Hz)(calc) ruu(calc) roscalc) NH, //
(CH3),CO 6.6 4.0 45.9 1.249 1612 150 | ya
2 6.6 8. 49.7 1.250 1.613 < e
CH;COO™ 48 10.6 44.5 1.316 1.635 © i
Cl- 5.3 10.2 45.0 1.314 1.630 = 100 | //
H- 22.7 22.9 0.978 1.751 : L
CsHsN 20.0 19.6 32.3 0.998 1.689 1o
CH:CN 20.8 20.3 33.0 0.985 1.691 (CH)L 80 oom? o
CN- 22.9 23.7 0.953 1.746 50 )7
NH.OH 17.2 36.5 1.031 1.670 d CH,Cc00
NH3 16.3 15.0 375 1.057 1.659 e
H, (free molecule) 51.1 4390 0.766 /7 ‘ ) . )
39.4 %0 5.0 100 150 200 250
aReference 26° Reference 27¢Cl value including zero-point Jip ODS.

vibrational effects, ref 8¢ Reference 28. Figure 2. Comparison of the calculated and obserdgsivalues (Hz)

_ _ ) ) for a range otransligands 12 in [Os(NH)4L%#?-H,)]@2* complexes.
molecular hydrogen and hydride ligands. The density functional (Note that the broken line is h@ a line of best fit but one with unit
calculations reported are based on the BLYP functional, which utilizes slope.)

the Becke gradient corrected exchange functiSreaid the Lee, Yang,
and Parr correlation function#,as implemented in the GAUSSIAN 300
94 software packag®.

The geometries used in this work were obtained by optimization of

all geometric parameters, using analytic gradients, except those that x0T
define the intramolecular geometries d¢fdnd NH; which were frozen
at their monomeric SCF values<Cs symmetry was assumed, so that 200 |

the hydrogen atoms of the dihydrogen ligand are symmetry equivalent.
More complete details of the geometries can be found in our previous
work,'* where the effects of the constrained geometry optimizations Jo 150 F
(found to be small) are also discussed.
The H-D coupling constants, in the Fermi contact approximation,
were calculated by application of eq 5. 100 |
The calculations were performed using the GAUSSIAN 94 programs

on HP700 series workstations.
50

Results and Discussion

The calculated and observed (where known) valued.ef 00, = s s .
for the [Os(NH)4LX#2%-H2)] @2 complexes are given in Table ‘ T LAEHy) '
1 along with the corresponding binding energies ef&hd the Figure 3. Correlation of the calculatedHD coupling constants (Hz)

H—H and Os-H distances. The calculated and observed with the Os-H; bond strength (defined as the energy associated with

coupling constants are also compared in Figure 2. In the casey,e removal of the Hiligand from the complexAE(Hs) kcalimol) for
of neutraltrans ligands the agreement between the observed 4 range ofrans ligands L%

and calculated values dfp is excellent. For the two anionic

ligands CHCOO™ and Cr', the agreement is not as good, with o 3 more accurate description of electron correlation effects in
the calculatedp values being approximately 5 Hz below the  {nege systems than at the MP2 level.

observed values. Nevertheless, these results indicate that DFT The correlation between the calculated—Bl coupling

Ca'C‘.“f?‘“O”S for these rqther large molecule§ are capable ofqngtant and metaldihydrogen bond strength is demonstrated
providing reasonable estimates of the-Bl coupling constants. by the plot in Figure 3. The coupling constant decreases as

The current level of agreement between experiment and theory,jo pond becomes stronger, as expected on the basis of

is grafifying since previous calculations dkp for these ;. 44nation by H andz-back-bonding by the osmium ion. The
complexe$ obtained by HartreeFock and MP2 methods 4 yiation in Os-H, bond strength is also manifested in the H

yielded considerably less satisfactory agreement with experi- ;4 55 H distances. As expected, they increase and decrease
ment. The superior performance of DFT methods is attributed respectively with the magnitude of the ©i, binding energy.

(23) (a) Becke, A. DPhys Rev. A 1988 38, 3098. (b) Becke, A. DJ. These relationships have been explored and discussed in
Chem Phys 1993 98, 5648. considerable detail in our previous work.

(24) Lee, C.; Yang, W.; Parr, R. ®hys Rev. B 1988 37, 785. . .
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Johnson, B. G.; Robb, M. A.: Cheeseman, J. R.; Keith, T. A.; Petersson, coupling constants and the dihydrogen bond lengths, shown in

S-é-;l\(ﬂ)otntggmsry, FJ-A-; Ragh?nghgfi» K. é'-'\-(ahzmle- PA-2 YZakarZ]eWSg, Figure 4, is very significant indeed and considerably more
.G Oz, J. V.) Foresman, J. b.; Peng, C. Y.] Ayala, P. Y.] en, C.; . )
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; convincing than that betweednp and the OsH; bond

Fox, D. J.: Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- Strengths. Over the range studied the relationship is effectively

Gordon, M.; Gonzalcts)z, (‘I1 and Pople, J. Saussian 94Revision B3; linear with a slope 0f-0.0024 0.001 A/Hz, consistent with
Gaussian Inc.: Pittsburgh, PA, 1995. i ; ing i
(26) Li, Z-W.: Taube. HJ. Am Chem Soc 1991 113 8946. the experl_mentally obS(_arved relat|qnsh|ps in other systems. Once
(27) Harman, W. D.; Taube, H. Am Chem Soc 199Q 112, 2261. the coupling constant in free HD is also considered, however,
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Figure 4. Correlation of the calculatedl; values (Hz) with the HH Figure 6. Variation in H-D coupling constant)yp (Hz), with H—H

distancery (A), for a range otransligands 12 in the [Os(NH)s L¥(n* distancerun (A), at various values of the O distance fosy (A),

H.)]@2* complexes. for the [Os(NH)4Cl(17%-Hz)]t complex and comparison withp for
free H, (broken curve).

100.0

least, the discrepancy between the predicted and observed
coupling constants in the case of the anianémsligands, Ct

and CHCOOQO, is due to overestimation of the predictee-H
distance. In the case of Cthe H—H bond length would need

to be~0.15 A shorter than the calculated equilibrium value of
1.314 A to result in a value of10 Hz for Jup. An error of

that magnitude however is considered unlikely, especially since
the variation in the computed-HH distances with method used,
viz. BLYP, B3LYP, and MP2, is considerably smallér.
Another possible source of error is the neglect of solvation in
this study, specifically its effect on geometries and hence
coupling constants. Finally, we recognize that a definitive
calculation ofJyp needs to include the nuclear dipelelectron
orbital and spin dipolar terms that have been thus far neglected.

80.0

60.0 |

Energy

40.0

20.0 |

0.0 L 1.63

0.6 0.8 iO 1.2 1.4
P The variations in H-H bond length, OsH; binding energy,
Figure 5. Variation in energy (kcal/mol) with HH distanceru (A), andJyp result from modulation of the nature of the binding
at various values of the @31 separationtos+ (A), for the [Os(NH).- by thetransligand. We have shown elsewhere that these effects
Cl(*H2)]" complex (relative to the energy at equilibrium) and o ejatelt a5 anticipated from the angular overlap mcdetith
comparison with the energy of free kbroken line, shifted by 50 kcal/ the o- and-donor/acceptor properties of the ligand, measured
mol, for ease of comparison). . . ; ’
by its experimental spectrochemical paraméter.

relationship would be nonlinear, with a smaltgp/Jyp gradient
at the smaller HD separations.

The influence of the osmium ion on the—HD coupling
constant has been investigated in more detail for a single

2_ + i i
complex, [Os(NH).CI(»~H,)]™, for which the H-H distance approaches are capable of predicting the-[H spin—spin

dgpendence Oﬂ.HD has been St“d'?d for a range .Of o . coupling constants in dihydrogen complexes fairly accurately.
distances, keeping all other geometrical parameters fixed at their . . .
In agreement with the experimentally established tredds,

equilibrium values. By varying the Gs1 bond lengths the varies inversely withryy and hence with the strength of the

corresponding bond strength is readily altered, as shown in ! ) . L
Figure 5. As the OsH bond becomes longer and weaker, the OS~dinydrogen interaction. Thép versusry correlation is

behavior of the molecular potential energy as a function of the OPPOSite to that noted in free HD, indicating that in these
H—H distance more and more resembles that in freewith complexes the HD coupling constant is largely determined
the equilibrium H-H distance dropping rapidly to its free by the nature of the metatihydrogen bond.
molecule value. The corresponding behavior of the HD
coupling constant is shown in Figure 6. As the-@®4% bonds Acknowledgment. Financial support by the Australian
are weakened, the coupling constants become larger and therResearch Council is gratefully acknowledged.
dependence on the+H distance also gradually changes such
that the decreasing trend with distance becomes less pronouncedA953611D
and eventually the monotonic increase with distance, as in free
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Conclusions

The results of this study demonstrate that density functional




