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Abstract: The kinetics of reaction of the dihydrogen complex trans-[FeH(;2-H,)(dppe).]" with an excess of
NEts to form cis-[FeHz(dppe).] shows a first-order dependence with respect to both the metal complex and
the base. The corresponding second-order rate constant only shows minor changes when the solvent is
changed from THF to acetone. However, the presence of salts containing the BF,~, PFs~, and BPh,~ anions
causes larger kinetic changes, the reaction being accelerated by BF,~ and PFs~ and decelerated in the
presence of BPh,~. These results can be interpreted considering that the ion pairs formed by the complex
and the anion provide a reaction pathway more efficient than that going through the unpaired metal complex.
From the kinetic results in acetone solution, the stability of the ion pairs and the rate constant for their
conversion to the reaction products have been derived. Theoretical calculations provide additional information
about the reaction mechanism both in the absence and in the presence of anions. In all cases, the reaction
occurs with proton transfer from the trans-dihydride to the base through intermediate structures showing
Fe—H,---N and Fe—H---H---N dihydrogen bonds, isomerization to the cis product occurring once the proton
transfer step has been completed. Optimized geometries for the ion pairs show that the anions are placed
close to the H; ligand. In the case of BPh,~, the bulky phenyls hinder the approach of the base and make
the ion pairs unproductive for proton transfer. However, ion pairs with BF4~ and PFs~ can interact with the
base and evolve to the final products, the anion accompanying the proton through the whole proton transfer
process, which occurs with an activation barrier lower than for the unpaired metal complex.

Introduction formation of ion pairs with the reactants and/or the products.
Macchioni has recently published a thorough review on the ion
noairing effects in transition metal organometallic chemiStry.

We have previously studied the role of ion pairs in the

Counteranions accompanying cationic metal complexes in
their salts are usually selected to behave as inert species i

reaction media. To safely assume that they do not participate i X o
in chemical reactions, anions of low coordinating power are reactions of proton transfer to hydride transition metal complexes

preferentially used. The same reasoning is also used when([M] —H) from proton donors of moderate acidfty’ Protonation.
selecting the salts added as supporting electrolytes in quantitativeOf [M] —H to form dihydrogen complexes has been the subject

o . ) . g i i 10-14 H
equilibrium and kinetic solution studies. Nevertheless, some °f intensive work>**and the mechanism nowadays accepted
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Scheme 1. General Representation of Mechanism of Proton In those cases where both processes are possible, they can
(T{ggffggér?r?mpg’é%?d%%?gé "D';édt%g'een“iga',\l';{’ﬁrg?%gsoemg'ex behave either in a cooperative way, facilitating the formation
(Bottom) of reaction products for thermodynamic and/or kinetic reasons,
H-X X ° ® or in a competitive way that can lead to a partial or complete
, I.II ) H-\X, / II{ \ , HiH'“ j H_?‘ plockgge of the reaction. The effect of anions in proton transfers
/ \ /M\‘ /M\ o involving theftran::r[FeH(;72-H2)(dppe_)14_r and [\/\éS;;_I—I;(dmpe)]+
| | | - | ~~ complexes illustrates both possibilities. Thus, it is evident that
® o a precise understanding of the thermodynamic and kinetic effects
HH @ 2 0H ®e 5 H_F‘ A BHA H associated to ion pairing would be of great help for tuning the
e BN S Lol reactivity of hydride and dihydrogen complexes. In this sense,

M ‘M - - ‘M.
-~y - - ™ we now describe more detailed experimental and theoretical
investigations on the effect of anions on the reactiotrafis

for proton transfer, based on experimental and computational [FeH(;2-H,)(dppe}]* (1) with triethylamine according to eq
results, is presented in Scheme 1. Proton transfer to theq.

coordinated hydride from anHX proton donor occurs with

the initial formation of an M-H---H—X dihydrogen bond. The + .

reverse process of deprotonation of coordinatedith a neutral trans{FeH(H))(dppe)]” + NEt

base B leads to heterolytic splitting of dihydrogeand is also cis-[FeH,(dppe)] + HNEt;" (1)

illustrated in Scheme 1, showing the capability of cationic

dihydrogen complexes to allow for the formation of ion pairs Complex1™ was initially prepared by Morris and co-workers

with A~ anions. as the BR~ salt!® and studies since then have provided very
These ion paired dihydrogen complexes (fMj."A7) interesting information on its structure, spectral properties,

constitute a remarkable case showing an important effect of theintramolecular H/H exchange, acidity, and reactivity of the

anions on the nature and stability of the intermediates formed coordinated dihydrogeH:2-24 As previously described, the

in the proton transfer proce&g.he important role of the anion  reaction in eq 1 occurs with proton transfer and isomerization,

on the stabilization of these species has been shown to be causegelding cis-[FeHx(dppe)] (2) and the protonated amine HNE#6

by the formation of homoconjugated species of the proton donor Kinetic measurements in THF and acetone solutions indicate

(A~ = ROHOR"), which produces more stable fM#7?-H2)]*- that the reaction pathway through the free metal complex is

[ROHORY] ion pairs®° While in those cases ion pairing of less efficient than that through ion pairs with the,B&nd Pk~

the counterion to the metal complex is responsible for the anions. In contrast, ion pairing with BPPhleads to a dead-end

reactivity changes, there are also some reports showing thein the reaction mechanism. The equilibrium constants for the

consequences of ion pairing with the proton donor on the formation of ion pairs and rate constants for their conversion

kinetics of proton transfer. Thus, we have communicted to final products can be resolved in acetone solution, thus

preliminary results showing that the rate of reactiortrahs providing quantitative indicators for the thermodynamic and
[FeH@%-H,)(dppe}] t with NEt; is strongly dependent on the  kinetic effects caused by anions. Detailed theoretical calculations
nature of the anions in the reaction mediumBRnd Pk~ provide complementary information about the structure of the

causing an acceleration and BPha deceleration. Before ion pairs and their role in the reaction mechanism.
publication of this study, an investigation on the effect of anions
on the selectivity of G-H bond activation was publishédlhe
complex IrH(PPh), and 2-pyridylmethyl imidazolium salts Kinetic Studies on the Effect of lon Pairing to External
yield different kinetic reaction products depending on the nature Anions on the Proton Transfer from trans-[FeH(Hz)(dppe)] "

of the anion (Br, BF:~, PR, or Sbk™) in the salt, and the  to NEts. In the present work, we have carried out more detailed
authors suggest that the different reactivity in any intermolecular kinetic studies both in THF and in acetone solution to obtain
proton transfer could be explained by the different capability more information about the role of ion pairs on the stability
of the anions to follow the migrating proton. Gusev has also and kinetics of proton transfer from the dihydrogen complex
shown recently the utility of DFT studies to demonstrate that trans[FeH(H,)(dppe}]™ (17). In the presence of a large excess
the H-H distance in dihydrogen complexes can be very of base, the reaction dft with NEt; occurs according to eq 1
sensitive to intra- and intermolecular interactions, including ion both in THF and in acetone solution. Despite the wrong order
pairingl” More recently, the effect of ion pairing with BF of pK, values for the proton transfer (12 far and 10.7 for
has been analyzed for the reaction of the hydride cluster HNEt;™ in an aqueous sc&fand 13 for1*t and 12.5 for
[W3SsHs(dmpe}] ™ with HCI, kinetic and theoretical results HNEL" in a THF scalé?), the values are sufficiently close to

Results and Discussion

showing that in this case the formation of (f8/Hs(dmpe}]™, allow the reaction to be forced to completion by adding a large
BF47) ion pairs and the interaction of the anion with the acid
lead to a decrease in the rate of reactidn. (19) Morris, R. H.; Sawyer, J. F.; Shiralian, M.; Zubkowski, J.JDAm. Chem.

)
. . . 2. Soc.1985 107, 5581-5582.
Dihydrogen bonding and ion pairing are two types of (20) Jia, G.; Morris, R. Hinorg. Chem.199Q 29, 581-582.
processes involving relatively weak noncovalent interactions. (21) Eggtgs%oﬁ"ﬁggr" K. A.; Morris, R. H.; Sella, A. Am. Chem. S04987
(22) Cappellani, E. P.; Drouin, S. D.; Jia, G.; Maltby, P. A.; Morris, R. H.;

(15) Kubas, G. JAdv. Inorg. Chem2004 56, 127—177. Schweitzer, C. TJ. Am. Chem. S0d.994 116, 3375-3388.
(16) Basallote, M. G.; Besora, M.; Duran, J.; Ferdaz-Trujillo, M. J.; Lleds, (23) Basallote, M. G.; Dumg J.; Fernadez-Truijillo, M. J.; GonZiez, G.; Mdez,
A.; Mafez, M. A.; Maseras, FJ. Am. Chem. So004 126, 2320-2321. M. A.; Martinez, M.Inorg. Chem.1998 37, 1623-1628.
(17) Gusev, D. GJ. Am. Chem. So@004 126, 14249-14257. (24) Abdur-Rashid, K.; Fong, T. P.; Greaves, B.; Gusev, D. G.; Hinman, J. G;
(18) Algarra, A. S. G.; Basallote, M. G.; Fémdez-Trujillo, M. J.; Llusar, R.; Landau, S. E.; Lough, A. J.; Morris, R. H. Am. Chem. So200Q 122,
Safont, V. S.; Vicent, Clnorg. Chem.2006 45, 5774-5784. 9155-9171.
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Figure 1. Plots showing the dependence with the concentration of added
base of the observed rate constant for the reactitraons[FeH(H,)(dppe)]-

(BFs) (1.0 x 1073 M) with NEt; in THF (circles) or acetone (squares)
solution at 25.0°C in the absence of added salts.

As the proton transfer in eq 1 involves the reaction of a cation
with a neutral molecule, the effects of ionic strength on the rate
constant are expected to be small and similar for all three salts,
the different behavior observed for the three anions being
indicative of their participation in the reaction mechanism
through the formation of ion pairs with a different reactivity.
Thus, these kinetic data in THF solution can be rationalized by
considering thal™ forms ion pairs with the X anions (X=
BF., PFs) and that these ion pairs are deprotonated with second-
order rate constants significantly different from that corre-
sponding to deprotonation of unpairgt (ko). This mechanism
is depicted in egs 35, and consideration of the ion pairing
process (eq 3) as a rapid pre-equilibrium followed by rate-
determining conversion to products through two parallel path-
ways (eqs 4 and 5) leads to the rate law in eq 6. The
independence of the experimental rate constant values with
respect to the concentration of added salt would be indicative

excess of base, as shown by NMR expgrlments. In the abs.enceOf complete conversion to the ion pair € Kix[X 1) when an
of any added salt, kinetic experiments in THF solution using excess of X is added in THF solution, so that only the values

the stopped-flow technique confirmed previous results in the

of kx for the ion pairs with the different anions can be measured.

sense that the proton transfer process occurs in a single Ste‘Nevertheless, as the solutions used in the kinetic studies always

with observed rate constants that change linearly with the base
concentration (eq 2; see Figure 1). The value derived for the

second-order rate constdnat 25.0°C obtained in the present
work (0.984 0.03 M1 s71) is in reasonable agreement with
the previously reported one (0.19 W s™1). Although the

contain the counteranion present in the solid complex (B

this case), determination of the rate constant for deprotonation
of the unpaired complexkg) is not possible with the present
data because a precise separation of the contributions corre-
sponding to both pathways requires the observation of a

difference is somewhat larger than usual, it can be understoodOleloendence of the type given by eq 6. The deceleration observed

by considering the difficulties associated to kinetic measure- when X- = BPh,~
ments using air- and water-sensitive compounds, the different of (L+

samples of reagents used in both kinetic studies, and som

between both sets of experiments.

When the kinetic experiments are carried out in the presence

of an excess of BINBF,, the rate law is maintained, but the
proton transfer is acceleratekhf, = 5.20+ 0.02 M1 s71) by

a factor of 5.3, whereas the acceleration caused by an excess

of BuyNPF; is significantly smaller Kpr, = 1.26 + 0.07 M™?

s 1, ker/k = 1.3). These results are also in reasonable agreement

with those previously reported (accelerating factors of 9.3 and
1.5 for By~ and Pk, respectively). It is also interesting to

can be explained by considering formation
, BPhy™) ion pairs unable to evolve to the final reaction

e : .
; . product, so that the reaction can only proceed through unpaired
changes made in the hardware of the stopped-flow instrumenty 4 through the T+,

BF,7) ion pairs formed with the BF
anions existing as counteranions in the complex sample.

®3)
(4)

1"+ X7 = (17, X7); Kipx
1" + Et;N — cis-[FeH,(dppe}] + Et;NH™; k,

(1%, X7) + Et;N — cis-[FeH,(dppe}] + (Et,NH™, X7); kq
(5)

note that the values of the second-order rate constants in THF

solution and in the presence of added salts are not affected by

further increases of the salt concentration. Although in our
previous study we were unable to obtain reliable kinetic
measurements in the presence of added NaB#k only a
qualitative indication of a decelerating effect of this anion could
be obtained, in the present work, a value of 0.68! ! could
be measured in the presence of this saltx(20-3 M), thus
confirming the previous qualitative observation. Unfortunately,

_ kot keKipx[X ]

I(obs_ 1+Kipx[x_] [EtSN]

(6)

To obtain more information about the effect of added salts
and ion pairing on the kinetics of the reaction in eq 1, stopped-
flow experiments were also carried out in acetone solution. The
dielectric constant of acetone (20.7) is significantly higher than
that of THF (7.6), so that the formation of ion pairs is now

reliable kinetic results could not be obtained at higher concen- expected to be less favored. Kinetic data in the absence of added
trations of NaBPhfor solubility reasons. Changing the added salt are quite similar for both solvents (see Figure 1), and the
salt to BuNBPh, did not lead to better results; although the value derived fok in acetone solution is 1.3+ 0.02 M1 s,
reaction clearly occurs more slowly, the kinetic traces are not However, the rate constants obtained in the presence of added
well-behaved, and no satisfactory fit could be obtained. Some salts now show a clear dependence with respect to the salt
attempts to make kinetic studies using the BPhalt of the concentration. This dependence is illustrated in Figure 2, which
complex also lead to very slow spectral changes, in agreementshows typical saturation curves for the change of the second-
with the results derived from studies with the BFsalt. order rate constahtwith the concentration of the different salts,
However, the reaction becomes so slow that the kinetic data BF,~ and Pk~ showing again acceleration and BPllecelera-
are not reliable, probably because of oxidation problems. tion. For solubility reasons, only the Naalt of BPh~ could
be used in the acetone solution. As all the kinetic experiments

Kobs = KINEty] (2) were carried out with solutions prepared from a sample of solid

6610 J. AM. CHEM. SOC. m VOL. 129, NO. 20, 2007
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4 On the other handKippr, is only slightly higher tharKisge,,
which indicates that both anions are able to form quite stable
ion pairs with1t under the experimental conditions used. As a
summary, it can be stated thatfPForms more stable ion pairs
than those formed by BF, although they are less efficient for
accelerating the deprotonation process. Nevertheless, it must
also be pointed out thdkr, andker, are of the same order of
magnitude and that both types of ion pairs provide a reaction
pathway much faster than that operating for the unpaired metal
complex. Thekgr/ker, quotients of 4.1 in THF and 1.6 in
acetone indicate that the difference between the rates of
deprotonation through the BFand Pk~ ion pairs is somewhat
reduced in acetone solution.

0 |

0.00 0.01 0.02 0.03 0.04 1+ TRV 1+ YO) K 7
[salt] /M =1, Y ) Ky (7)

Figure 2. Plots showing the dependence with the concentration of added b oo

salt of the second-order constant for the reactioinasfs[FeH(Hz)(dppe}] 1", Y )+ ELN—

(1%, 1.0 x 1073 M) with NEts in acetone solution at 253C. The circles . + U,

correspond to data in the presence of addedNBIF,, the triangles to By cis-[FeH,(dppe}] + (ELNHT, X); ky (8)

NPFs, and the squares to NaBPR he solid lines represent the best fits of

the data to the equations indicated in the text. Note that the plots

corresponding to BINPF; and NaBPh have nonzero intercepts because _ k0 + kXKipX[X 1+ kYKipY[Y ]

of the contribution of theX(", BF,~) ion pairs formed with the counteranion bs ™ _ _ (9)
of the complex sample. 1+ KipX[X 1+ KipY[Y ]
trans[FeH(H,)(dppe}]BF4, the BR~ anion is always present, The data in the presence of added NaB&in be fitted using

and its effect must be considered when analyzing the kinetic the same procedure, although considering that theEPh,~)
data in the presence of other anions. Figure 2 shows that theion pairs are unable to evolve to the reaction produgis.(is
values ofk increase with the BF concentration according to  negligible). In that case, the fit only leads to a valuegien,
saturation kinetics to reach a limiting value somewhat higher = (3.5 £ 0.6) x 10? M~1, which indicates that BRh forms
than 4 M1 s71. Actually, a satisfactory fit of the data by eq 6 ion pairs with a stability similar to that of those formed with
can be obtained withge, = 4.2+ 0.2 M1 s7%, Kipge, = (2.4 the B~ and Pk~ anions, although they are unproductive for
+ 0.4)x10* M1, and a negligible value df, which indicates proton transfer.
that the reaction can be considered to go exclusively through Computational Studies. Although the kinetic data clearly
the ion pair pathway (egs 3 and 5). The lower dielectric constant indicate an important effect of the external anions on the kinetics
of THF anticipates a higher stability of the ion pair (higher value of proton transfer from complek™, they do not provide any
of Kiper,), S0 that theky pathway would also be negligible in  information about the reasons leading to an acceleration or
that solvent and that the rate constants measured in the absencegeceleration of the reaction. For this reason, theoretical calcula-
of added salt in both solvents would then correspond to the tions were carried out both in the absence and in the presence
contribution of ion pairs formed with the BF counteranion in of the BRy~, PR, and BPhL~ anions. To simplify the calcula-
the complex sample. Moreover, the close values obtained fortions, the model completxans-[FeH(72-Hy)(dhpe}] ™ (dhpe=
the rate constants for proton transfer from thé&, (BF,~) ion H,P—CH,CH,—PH,), where the phenyl groups of the dppe
pair to the basekgr, values of 5.2 and 4.2 M st in THF and ligand have been substituted by hydrogen atoms, and the base
acetone, respectively) reveal that, once the ion pair is formed, NMe; were used.
the rate of reaction with NEkis essentially independent of the Order of Occurrence of the Isomerization and Proton
solvent nature. Transfer ProcessesAs deprotonation ofrans[FeH@z2-H,)-
When the reaction is carried out in the presence of added (dppe}]™ by triethylamine leads to the formation cis-[FeH,-
BusNPFs, the reaction can go through two parallel pathways (dppe}], the proton transfer is accompanied by an isomerization
involving the (", BF;~) and (L, PRs™) ion pairs, and eqs 7  step, which can precede or follow the proton transfer. Unfor-
and 8 must be added to the mechanistic proposal to account fortunately, the reaction occurs in a single kinetic step, and so
the contribution of both types of ion pairs to the net rate of kinetic studies do not provide information about this point. In
reaction. In this case, the derivation of the rate law requires a previous work on the kinetics of reactionaé$-[FeHx(dppe}]
consideration of two rapid pre-equilibria (egs 3 and 7) and three with acids!! it was proposed on the basis of comparative data
parallel rate-determining pathways for conversion to products with the relatedcis-[FeHy(PRs)] complex (PR = P(CH,CH,-
(egs 4, 5, and 8). Under those considerations, the rate law isPPh)3) that the proton transfer occurs between the trans forms
given by eq 9, specifically for X = BF,~ and Y~ = PR, of both complexes. However, Morris and co-workers had
which allows a satisfactory fit of the experimental data in the suggested that the deprotonationtains[FeH(H,)(dppe}]t
presence of added BNPFs by fixing ker, and Kipgr, at the occurs with the initial formation of thgans-dihydride, which
values previously determined. In this way, valuegqf = 2.58 was actually observed in low-temperature experiments of
+ 0.04 M st and Kiper, = (5.5 £ 0.5) x 1* M~ are deprotonation of the related Ru and Os complé&ésiter work
obtained. Again, the value &g, in acetone solution is smaller  on the protonation ofis{RuH,(dppe}] with acids revealed that
thankgr, and compares well with the value determined in THF. the trans isomer reacts much faster than the cis form, so that
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Scheme 2. Alternative Reaction Pathways for Reaction of
trans-1* with Base to Yield cis-Dihydride 22
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aBoth pathways differ in order of occurrence of proton transfF)(
and isomerizationl§ processesPT + | (upper pathway) and+ PT (lower
pathway).

Table 1. Relative Energies of Different Species Involved in
Isomerization Processes (kcal/mol)

species gas phase THF acetone

[FeH(2Hy)(dhpe)]* Isomerization
0.0 0.0

trans-H . 0.0

TS[H2] 31.7 31.9 32.2

cis-Hz 2.8 2.4 24
[FeHx(dhpe})] Isomerization

transH 0.0 0.0 0.0

TS[H] 16.7 17.9 19.3

cisH -5.1 —4.6 —4.6

the kinetic data for the reactions of both Ru and Fe complexes
can be interpreted by considering that these reactions occu
through initial isomerization followed by reaction with the
acid?® in agreement with the proposal by Morris and co-

workers?2 Nevertheless, as the present study was carried out

in the deprotonation direction and using a reagent different from

those used in previous protonation studies, it was considered

of fundamental concern to carry out theoretical calculations
aimed at determining the order in which the proton transfer and

isomerization processes occur. The two possibilities are repre-

sented in Scheme 2, where th& + | pathway corresponds to
proton transfer frontrans-[FeH(@;2-H,)(dppe)] ™ to formtrans-
[FeHx(dppe}] followed by isomerization and thé + PT
pathway corresponds to initial isomerization dis-[FeH (?-
H,)(dppe}]* followed by proton transfer.

To decide which process occurs first, the isomerization step
was theoretically studied both farans[FeHy(dhpe)] (eq 10)
and fortrans[FeH(@;2-H,)(dhpe)]* (eq 11).

trans-[FeH,(dhpe}] = cis-[FeH,(dhpe)] (20)

trans[FeH(;*-H,)(dhpe)] " = cis-[FeH(;*H,)(dhpe)] "
(11)

r

TS [Hy

TS [H]

Figure 3. Geometries of the transition states calculated for isomerization
of trans[FeH(?-Hy)(dhpe}]* andtrans[FeHy(dhpe}]. They correspond

to the isomerization processes occurring inlthePT andPT + | pathways

in Scheme 2.

10, show that the cis product is 5.1 kcal/mol more stable than
thetrans-dihydride, whereas for the hydrigelihydrogen com-
plex, eq 11, thecis-hydride—dihydrogen product is 2.8 kcal/
mol less stable than theans-ydride—dihydrogen complex.
These results are in agreement with the experimental observa-
tions, which indicate that the trans isomer is favored for the
starting complex, while the reaction product exists as the cis
isomer. However, to determine which one of the pathways in
Scheme 2 is preferred, it is necessary to also know the barriers
for these isomerizations, and so the corresponding transition
states TS[H,] and TS[H]) were also located.

In the gas phase, the transition state for isomerization of the
trans-dihydride complex was found to be 16.7 kcal/mol above
the energy of thérans-dihydride. Its geometry, labeled a$-

[H] in Figure 3, shows that the coordination around the metal
center can be described as a trigonal prism with ligands at each
vertex, which corresponds to a6fbtation of three ligands in

the starting octahedral complex. On the other hand, the transition
state for isomerization of theans-hydride-dihydrogen com-
plex is placed 31.7 kcal/mol above the energy of the trans
isomer. This species is labeled &S[H;] in Figure 3, and it
also shows a hexacoordinated trigonal prism geometry with one
of the vertices occupied by the dihydrogen ligand. Solvent
effects in the isomerization processes are small. The smaller
difference between both energy barriers is found in acetone,
being that the activation barrier for the dihydride isomerization
is 12.9 kcal/mol lower than that for dihydrogen isomerization.
Thus, theoretical calculations indicate that the isomerization
barriers are significantly different for thieans-dihydride and

the dihydrogen complexes, favoring tl& + | ordering in
Scheme 2. This conclusion is in agreement with the previous
proposal of Morris and co-worke?d,and the calculations on

the proton transfer process were then carried out considering
that this process occurs in the starting complex and that
isomerization to the final product occurs in the final step.

Theoretical Studies on the Deprotonation Mechanism.
Computational investigations on the deprotonationtrahs
[FeH(@2-H,)(dhpe)] ™ (1t) were first carried out without con-
sidering any anion. With this simplification, the system does
not correspond exactly to any experimental case because at least

~ The relative energies of all the species involved in both the B~ counteranions are present in solution. However, these
isomerization processes in the gas phase and THF and acetongg|cylations were required to obtain information about the way
solvents are collected in Table 1. In the gas phase, thein which proton transfer would occur through the unpaired
calculations for the isomerization of the dihydride complex, eq gihydrogen complexky pathway, eq 4). Although kinetic data

(25) Basallote, M. G.; Dum J.; Ferhadez-Trujillo, M. J.; Mdez, M. A.Inorg.
Chem.1999 38, 5067-5071.
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Figure 4. Geometries of the complexes located along the deprotonation
of trans[FeH(2-Hz)(dhpe}] © with NMes, without considering the presence
of anions.
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the processes taking place in the absence of anions is required

to compare them with those occurring when the ion pairs are
formed.

Calculations in the Absence of AnionsThe computational
results obtained in the study of the reactionlofwith NMe;
indicate that the reaction goes through a series of intermediate
species whose optimized geometries are shown in Figure 4. At
this point, it is important to note that the location of several
reaction intermediates in the theoretical work is compatible with
the experimental observation of a single kinetic step because

these intermediates can be considered to be formed under steady-

state or rapid pre-equilibria conditions, so that their existence
would not be revealed in the kinetic studies.

As a starting point for the calculations, the cationic dihydro-
gen complex and the base were considered infinitely apart. The
trans[FeH(@?-Hy)(dhpe}] ™ complex shows FeH distances of
1.679 A for the hydrogens of thestigand and 1.506 A for the
hydride, the H-H distance in the dihydrogen ligand being 0.810
A. When both species interact, they first form a spetiass
[FeH@%-Hy)(dhpe)] +--NMe3 (2t) that will be called the

Table 2. Calculated Energies (kcal/mol) for Different Species
Involved in Deprotonation Process of trans-[FeH(Hz)(dhpe)2]™ (1t)
with NMes to Form cis-[FeHz(dhpe),] (5t)2

species gas phase THF acetone
Unpaired metal complex
1t + NMes 0 0 0
2t -5.4 25 24
3t —4.38 3.0 2.6
4t + HNMes* 25.6 115 10.0
5t + HNMes* 20.5 6.9 54
BF4~ ion pairs
1t + NMes + BF4~ 0 0 0
(1t, BRs™) + NMes —85.5 —15.8 —-9.4
2t-BF4~ -92.9 —14.9 -8.9
3t-BFs~ —92.5 —15.0 -9.4
3b-BFs~ —94.5 —14.6 -11.1
4t + (HNMes™, BF4 ™) —84.6 —15.8 -7.6
5t + (HNMes™, BF4™) —89.7 —20.4 —-12.2
PFs~ ion pairs
1t + NMes + PR~ 0 0 0
(1t, PRs™) + NMes —80.5 -17.5 -11.3
2t-PRs~ —89.2 —-17.7 —-12.3
3t-PRs~ —88.1 —15.9 —10.2
3b-PRs~ —89.4 —16.1 —10.5
4t + (HNMes*, PR™) —78.2 —14.7 —8.8
5t + (HNMest, PRs") —83.3 —19.3 —13.5
BPh,~ ion pairs
1t + NMes + BPhy~ 0 0 0
(1t, BPhy™) + NMes —59.0 1.2 4.0
4t + (HNMes™, BPh) —56.6 2.8 6.0
5t + (HNMest, BPh™) —61.6 -1.8 14

2 Table includes results for reaction of unpaired metal complex and for
pathways involving ion pairs with different anions.

Fe—H distances are 1.542 A for the hydride and 1.600 and 2.807
A for the dihydrogen ligand. The MBl—H distance of 1.127

A is significantly shorter than it and indicates a substantial
degree of N-H bond formation. The Fe{H)—H—N and

interacting complex. In this species, the base approaches theN—H—H angles of 178 and 179respectively, and the dihedral

complex at proximities of the fligand and forces one of the

H atoms to separate slightly from the metal center, theHre
distances being now 1.734 and 1.676 A for the dihydrogen
ligand and 1.511 A for the hydride. However, the-H distance

in the H ligand (0.809 A) does not change upon the formation
of 2t, and the MeN—H distances are still quite large (2.443
and 3.047 A, respectively). These small structural changes
indicate the existence of a weak interaction between the nitrogen
of the amine and the acidic dihydrogen ligand, as confirmed
by the energy values in Table 2. Very recently, experimental
evidence that coordinated;ian participate in intermolecular
hydrogen bonding to H-bond acceptors has been dgi¥en.

The interacting complexX2t evolves to a speciefrans
[(dhpeyHFeH--H--*\NMe3]* (3t) that can be described as a
dihydrogen bonded adduct, in which the proton transfer has
already occurred to a significant extent. The energy changes
associated to this transformation are also small, sp8tiesing

Fe—H—H—N angle of 175 indicate an almost perfect linear
arrangement of the FeH—H—N structural subunit.

The reaction coordinate between comple2ésand 3t has
been also investigated by making calculations with the optimi-
zation of all the parameters except the-N distance to the
transferred proton, which is taken as the reaction coordinate.
This distance varies from 2.443 A 2t to 1.127 A in3t. In
this way, the energy maximum of the potential energy curve
has been located 2.9 kcal/mol abatein the gas phase for a
N—H---H—Fe distance of 1.6 A (Figure 5), which indicates that
the activation barrier for the proton transfer is quite small. In
THF and acetone, the maximum is located 4.1 and 3.9 kcal/
mol above2t, respectively. The barriers in solution, although
slightly higher than in the gas phase, still agree with a very fast
proton transfer step.

In the next step, speciedt evolves with separation of the
products resulting from the proton transférans[FeH(dhpe)]

only 4.8 kcal/mol more stable than the reactants in the gas phasg4t) and the protonated amine HNite The optimized geometry

and slightly less stable in THF or acetone solution (see Table
2). The dihydrogen bonded specigsshows a quite unusual
geometry. The HH distance it exhibits (1.211 A) is short

of 4t reveals a symmetrical structure with identical-f¢
distances of 1.563 A. The energy of compldk and the
HNMest cation considered infinitely separated from each other

enough to consider this species as containing an elongateds 25.6 kcal/mol above that of the reactants in the gas phase.

dihydrogen ligand coordinated in an end-on wWay® The

(26) Szymczak, N. K.; Zakharov, L. N.; Tyler, D. B. Am. Chem. So2006
128 15830-15835.

(27) Osborn, J. A.; Jardine, F. H.; Young, J. F.; WilkinsonJGChem. Soc. A
1966 1711-1732.

(28) Vaska, L.; Werneke, M. FAnn. N.Y. Acad. Scll971, 172, 546-562.

Although the solvent decreases the energy cost for the separation
of the protonated amine from the dihydridk - HNMes™ are
found to be 11.5 and 10.0 kcal/mol above the reactants in the

(29) Heinekey, D. M.; Lleds, A.; Lluch, J. M.Chem. Soc. Re2004 33, 175~
182.
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Figure 5. Potential energy curve for th& — 3t process taking the NH
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Figure 7. Geometries of the complexes located along the deprotonation
of trans[FeH(2-Hy)(dhpe}]* with NMejs in the presence of a BF anion.

3b-BF4

through the ion paired complex is more efficient, and the
reaction goes exclusively through this pathway. Thus, theoretical
calculations are expected to provide some information about
the reasons leading to this higher efficiency for deprotonation
of the L, BF;™) ion pairs with respect to freg*.

As expected, calculations indicate that the formation of an
ion pair betweerntrans[FeH(@?-H)(dhpe}]™ and BR~, (1t
BF,7), is favored. Although the stabilization energy is consider-
ably overestimated in the gas phase (85.5 kcal/mal), it is still
significant in solution (15.8 and 9.4 kcal/mol in THF and
acetone, respectively). Interaction betweenB&hd NMe leads
to significantly smaller values of the stabilization energy3(8
in the gas phase;0.4 in THF, and—0.5 in acetone, all values
in kcal/mol). The optimized geometry of th&t(BF,~) ion pair

THF and acetone solution, respectively), this is still the most (see Figure 7) indicates that BFapproaches the complex at
energy-demanding step in the overall proton transfer process.proximities of the coordinated Atausing only minor structural

The conversion of comple3t to the separated productsand

changes very similar to those observed for the interactidkt of

HNMes* has been also investigated taking as a reaction with NMes. The Fe-H distances of{t, BF,~) are 1.517 A for
coordinate the distance between the nitrogen atom and thethe hydride and 1.687 and 1.760 A for the hydrogen atoms of

hydride. No maximum was found along the-NH—Fe potential

the H, ligand, the H-H distance remaining almost unchanged

energy curve, the energy increasing monotonically until the (0.800 A). The shorter FH distance is 2.069 A, and the
separated products both in gas phase and in solution (see Figurgreferential interaction of BF with one of the H atoms results

6).

in location of the anion in a space close to two phosphorus atoms

When the proton transfer is completed, the final step consists of different dhpe ligands, which allows for the approach of the

of isomerization o#it to the more stableis-[FeH,(dhpe}] (5t),

base in the next step. It should be pointed out that the position

which occurs through the transition state described previously. of the anion is due in part to the modeling of the phosphine.

In the gas phase, the energy of the separaigdihydride and

The H-P substituents of the model ,PCH,—CH,—PH,

protonated amine products is 20.5 kcal/mol higher than that of ligands are acidic enough to interact with BFthus displacing
the reactants. Even when the solvent is included, the overallthe anion from the kiligand. This interaction is not possible
reaction is not favored thermodynamically, in agreement with with the actual phenyl substituents.

the Ky values of both reagents and the experimental observation Actually, calculations indicate that deprotonation can still

of the lack of reactivity of the unpaired cation.
Calculations in the Presence of One BF Anion. The

results of theoretical calculations including one,Blnion are

proceed through a mechanism quite similar to that found in the
absence of anions, although the,BRnion participates all along
the process. The optimized geometries of the different inter-

of special relevance because this anion is always present at leastnediates are also included in Figure 7. When Nlsligproaches

in a 1:1 molar ratio with respect to the iron complex in the the (Lt, BF;7) ion pair, the system first evolves to form an
solutions used for the kinetic studies. From the kinetic results, interacting comple®t-BF,~, which is stabilized by-7.4 kcal/

it is expected that a mixture of free and ion paired metal molin the gas phase with respect to the infinitely separated ion
complexes exist in solution, the relative amount of both species pair (Lt, BF;~) and NMg (+0.9 kcal/mol in THF and+0.5
depending on the nature of the solvent and the nature andkcal/mol in acetone). Compleft-BF,~ shows geometrical
concentration of the anion. Nevertheless, the reaction pathwayparameters close to those dit(BF;7); the H—H distance is

6614 J. AM. CHEM. SOC. = VOL. 129, NO. 20, 2007
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Figure 8. Potential energy curve for tf&-BF,~ — 3t-BF,~ process taking 200 N(H)-H distance (A)

the N—H distance of the transferring proton as the reaction coordinate.  Figure 9. Potential energy curve for tt&-BF,~ — 3b-BF,~ process taking

the N---H—Fe distance as the reaction coordinate.
maintained at 0.801 A, and the amine is placed far from the
dihydrogen ligand, the M@ —H distances of 4.408 and 4.843 The reaction is completed with conversion 3-BF,~ to
A being significantly larger than in the absence of ;BF separatedit and the (MgNH™, BF,™) ion pair, with an energy
Nevertheless, the interacting compBF,~ undergoes depro- 0.9 kcal/mol above separatetit,(BF,~) and NMeg in the gas
tonation through an intermediate specs$BF,~ that can also phase (0.0 and 1.8 kcal/mol in THF and acetone, respectively).
be described as containing an elongated dihydrogen ligandThe small energy changes associated with this step are consistent
coordinated in an end-on way. However, as a consequence ofwith the small structural changes involved (i.e., the breaking
the interaction with the anion, the deviations from the ideal of the weak interaction betweet and the ion pair). Complex
geometry in3t-BF4~ are larger than it: the Fe-H distances 4t then isomerizes to the more stalgie-dihydride5t, in such
are 1.551, 1.590, and 2.828 A, the-H distance is elongated  a way that the reaction products for the overall deprotonation
to 1.283 A, the N-H—H angle is 176, Fe(H-H—N is 179, process are located 4.2 kcal/mol under the reactatttBF,~)
and the FeeH—H—N dihedral angle is—179. The stability and the amine, in the gas phase (4.6 and 2.8 kcal/mol in THF
associated with the formation 8f-BF4~ is slightly higher than and acetone, respectively). These values are significantly

that achieved ir8t. Whereas3t is found 3.0 kcal/mol abovit different from those observed for the reaction of the unpaired
+ NMes, 3t-BF4~ is found only 0.8 kcal/mol abovelt, BF;~) 1t complex and indicate that deprotonation of the ion pair is
+ NMes (THF values). The potential energy curve fr&t more favored thermodynamically than the same reaction for the

BF,~ to 3t-BF,~ has been also investigated by freezing theHN free metal complex. In addition to this thermodynamic effect,
distance and optimizing the rest of the geometrical parametersion pairing with BR~ also decreases the barrier associated with
(Figure 8). The maximum has been located 4.6 kcal/mol above the conversion 08t-BF,~ to 4t + (MesNH™, BF,~). Without
the 2t-BF,~ species in the gas phase for aN distance of 1.6 the anion, the energy increases monotonically fRirto 4t +
A (Figure 8). Slightly lower barriers are found in THF (4.0 kcal/l  MesNH* (Figure 6), and the required energies for the separation
mol) and acetone (4.2 kcal/mol). Comparing these values with process are 30.4 kcal/mol (gas phase), 8.5 kcal/mol (THF), and
those reported in Figure 5, it can be appreciated that the presencé.4 kcal/mol (acetone) (see Table 2). When the anion is present,
of the anion practically does not affect the barrier of the proton the highest barrier for the overa&t-BF,~ — 4t + (MesNH,
transfer step in solution, being that this barrier is always quite BF;~) process is 7.9 kcal/ mol in the gas phase and 3.1 and 4.3
low. kcal/mol in THF and acetone, respectively. Comparing the
Complex3t-BF4~ evolves with protor-hydride separation  energy values without and with the anion, it is obtained that
and forms another interacting complex label@ld-BF,~ in the 3t-BF,~ — 4t + (MesNH™, BF,~) separation requires 22.5
Figure 7. This species is stabilized by® kcal/mol in the gas kcal/mol less energy than the conversion3bfin 4t + Mes-
phase with respect to separatett, (BF;~) and NMe. In NHT in the gas phase and 5.4 and 3.1 kcal/mol in THF and
solution, itis 1.2 kcal/mol above (THF) and 1.7 kcal/mol below acetone solution, respectively. As the energy required for
(acetone) the separatedt( BF,~) and NMe. The Fe-H achieving thedt + (HNMes*™, BF,™) state from {t, BF;) +
distances of 1.570 and 1.568 A, the (FeyHi(N) distance of NMe;s is lower than that required for achievidg + HNMes*
3.176 A, and the shorter (NYHF(B) distance of 1.595 A in the pathway going through unpairét the overall activation
indicate that this species can be consideredbas[FeH,(dhpe)]- barrier for conversion oft to 5t is significantly smaller through
(MesNH™BF4™) (i.e., an ion pair between the protonated amine the BR~ ion pairs. Moreover, as the barriers for the proton
and the BE~ anion, although there is still a weak interaction transfer process are rather small in the presence of the anion, it
with the dihydride complex just formed). The reaction coordinate can be considered that the reaction goes through a rapid pre-
between specie8t-BF,~ and 3b-BF,~ has been investigated equilibrium of conversion ofit, BF,~) + NMes to 4t + (Mes-
taking the N--H—Fe distance as the reaction coordinate. The NH™, BF;~) followed by rate-determining isomerization of the
maximum of the potential energy curve is found to be 4.8 kcal/ dihydride. The activation barrier would thus correspond to the

mol above complex3t-BF,~ in the gas phase for a-NH isomerization step, although the rate of the overall reaction
distance of 2.95 A (Figure 9). In solution, the estimated barriers would change linearly with the amount @t formed in the
are 3.1 kcal/mol in THF and 4.3 kcal/mol in acetone. equilibrium. As the energies associated with the proton transfer
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Figure 10. Geometries of the complexes located alongttaes[FeH(?-H,)(dhpe}] ™ deprotonation with NMgin the presence of a RF anion.

pre-equilibrium are 0.0 and 1.8 kcal/mol in THF and acetone, for BF4~, the reaction pathway going through thesPon pairs

respectively, the degree of conversiordtowill be somewhat
lower in acetone, thus justifying the lower efficiency of the ion

is slightly favored thermodynamically, in contrast to the results
for the unpaired metal complex. The activation barrier for the

pairing pathway in this solvent. As a summary, these theoretical proton transfer process is also drastically reduced in the presence
results explain the acceleration observed in the kinetic studiesof this anion, so that the overall process can also be considered

and indicate that the major role of BFwould be to provide a

to occur through a rapid proton transfer pre-equilibrium followed

reaction pathway through ion pairs that involves a lower barrier by rate-determining isomerization. It is also interesting to note
for the proton transfer and that leads to more stable reactionthat the equilibrium of conversion olL{, PR~) + NMes to 4t
products, these effects being caused mainly by the capability + (HNMes*, PR™) (calculated energies of 2.8 and 2.5 kcal/
of BF4~ to assist the proton transfer and the separation of the mol in THF and acetone, respectively) is less favored than for

resulting products.

Calculations in the Presence of the P§E and BPhy~
Anions. According to the kinetic results, the formation of ion
pairs with the PF  anion causes an acceleration of the
deprotonation process similar to that achieved with, BF

the BF~ ion pairs. As the activation barrier for isomerization
is the same in both cases, this justifies the lower efficiency of
the Pk~ ion pairs with respect to their BF analogues.
Moreover, the larger experimentals, value in acetone solution
can be associated with the fact that the energy difference

although the rate of reaction is somewhat smaller for the casebetween thét + (HNMes*, PR~) and (Lt, PRs~) + NMe;s states

of PR~. To shed some light on the different reaction rates is smaller in acetone than in THF, in contrast to the B&nion
observed for the ion pairs with both anions, theoretical calcula- for which both the experimental and the theoretical results
tions on the deprotonation process were also carried outindicate a faster reaction in THF.

including one PE~ anion. The results summarized in Table 2

In contrast to B~ and Pk, the ion pairs formed with the

indicate that the formation of the ion pair between dihydrogen BPh,~ anion do not provide a reaction pathway productive for

complex and P§ is favored by 80.5 kcal/mol in the gas phase

the proton transfer process, which results in a decrease in the

and by 17.5 and 11.3 kcal/mol in THF and acetone, respectively. observed rate of reaction. The calculations in the presence of

Comparing the stabilization energies of thi¢, BF,~) and (Lt,
PFR™) ion pairs, a slightly higher value is obtained for the;PF

this anion show two interesting features of the ion pair formed
betweerilt and BPR~. The first one is that thel¢, BPh,~) ion

ion pair, both in THF and in acetone (Table 2). This result agrees pair is less stabilized thard{, BF;~) and (Lt, PRs™) by 20—25

with the slightly higher stability of the RF ion pair deduced
from theKipsr, andKippr, values derived from the kinetic data.
The geometrical parameters of tHg, (PR ™) ion pair are quite
similar to those of {t, BF,), the Fe-H distances being now
1.517, 1.675, and 1.747 A and the-Hi distance 0.798 A.
From the (t, PR™) ion pair, deprotonation can go through a
pathway quite similar to that described previously for the BF

kcal/mol in the gas phase and by ca—1¥ kcal/mol in THF

and acetone solution (see Table 2). These differences would
anticipateKgpp, values significantly smaller thafisr, andKprg,
which is not in agreement with the values of the same order of
magnitude derived from the kinetic data. A possible explanation
for the additional stabilization of the BRhion pairs in the
experimental system is the possibility of stacking interactions

anion. The optimized geometries of the different species are with the phenyl groups in the dppe ligand not considered in the
shown in Figure 10, and the energy values are in Table 2. As theoretical model. A second major conclusion of the calculations
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Figure 11. Potential energy curve for t8-PFR~ — 3b-PFR~ process taking Figure 13. Energy profile in THF for the complete proton transf&T]
the Ne--H—Fe distance as the reaction coordinate. + isomerization () process. The energy of complexds, (A~) + NMes
has been taken as zero energy (A NC, BF,~, PR, and BPh~ and NC
= no counteranion).
the BR,~ and Pk~ ion pairs provide a more efficient reaction
pathway for deprotonation than that going through the unpaired
metal complex, whereas the BPhon pairs are unproductive
and represent a dead-end in the reaction mechanism. These
observations are in agreement with the results of theoretical
calculations, which provide additional information about the
proton transfer and isomerization processes. With regards to
the energetics of reaction tfans[FeH(H,)(dppe}] ™ with the
base, Figure 13 summarizes the results obtained in THF. A very
similar energy profile is obtained in acetone (see Supporting
Information). As pointed out in previous sections, an important
1t-BPhy4 point for this reaction is the order of occurrence of the proton
Figure 12. Structure of the ion pairlf, BPhy~) in ball-and-stick and space- .tranSfer and isomerization St(f.'pSz In th'§ sense, Figure 13
filling representations. illustrates clearly that the activation barrier for the overall

process through the pathways involving ion pairs is significantly
is the special geometry adopted by the BPh,™) ion pair (see smaller than the activation barrier found for the isomerization
Figure 12). Whereas the anions itt,(BF,”) and (t, PR") of the startingrans-hydride—-dihydrogen complex (ca. 32 kcal
leave free space around the dihydrogen ligand and allow themol™?, see Table 1), thus confirming that proton transfer will
subsequent attack by the base, the BRh (1t, BPhy~) blocks preferentially occur first. On the other hand, it must be noted
the dihydrogen ligand and hinders deprotonation. Thus, in the that, for the ineffective reaction pathway going through the
presence of an excess of BPhthe complex will exist mainly unpaired metal complex, the energy barrier for the conversion
in the form of BPR~ ion pairs, but deprotonation can only of reactants to products includes significant contributions from
proceed through the small fraction of the metal complex existing both the proton t_ransfer and thg isomerization processes, so that
either as a free complex or as an ion paired to the less abundanh® rate of reaction through this pathway must be expected to
BF,~ anion. As a consequence, the process is decelerategP® too slow to make it competitive with the more efficient

Nevertheless, it must be also pointed out that BPAlso pathways going through ion pairs. In_contrast, for reaction
stabilizes the final species in the reaction coordinate §t), through the BE~ and Pk ion pairs, there is an almost complete
so that its kinetic effect must be exclusively associated to the disappearance of the energy cost assoaated with the proton
fact that the steric blockage of the kigand in the (t, BPh, ) trans_fgr step, so thqt this step can t?e conS|der_eQ to occur under
ion pairs avoids the existence of the key intermedi@tesnd _cor?dmons of reversible pre-equilibrium. _In addition, Figure 13
3t indicates that the proton transfer step is less favored for the

PFs~ ion pairs than for the BF pathway, which is in agreement
with the relative rates of reaction measured for both anions. As
Despite the fact that many reactions in inorganic and indicated in previous sections, the relative values in THF and
organometallic chemistry are carried out in solvents that favor acetone solutions of the rate constants for the pathways involving
the formation of ion pairs, their effect is not usually taken into both anions can also be rationalized on the basis of the
account. The results in the present paper clearly illustrate thetheoretical calculations.
relevance of ion pair formation to the reactivity of the dihy- For steric reasons, ion pairs with BPtare unable to evolve
drogen complexrans[FeH(H;)dppe] ™, which adds to other  to the final reaction products, and so they are unable to provide
recent studies in which effects associated to the presence ofa pathway equivalent to those provided by the other anions. It
anions in solution have been recognized for several systems. is also important to note that in addition to the kinetic effect,
The kinetic studies indicate that the rate of deprotonation of ion pairing also introduces an additional favorable thermody-
the dihydrogen complex with NEis largely affected by the ~ namic contribution, mainly associated to the formation of
presence of an excess of the BFPF~, and BPh~ anions. (HNEtz™, X™7) ion pairs as reaction products. This contribution
Although all three anions form ion pairs with a similar stability, makes the overall process change from being disfavored for

Conclusion
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the free metal complex to being favored for the ion pairs. As Supporting Information as the mean value of at least four separate
expected, it strongly depends on the nature of both the anionmeasurements, the standard deviation always being significantly lower

and the solvent, reaching a maximum for,Bkn THF where
it represents a stabilization of 11.5 kcal/mol.
From a structural point of view, the reaction can be described

as going through a series of dihydrogen bonded intermediates,

which adds further support to the conclusions of previous works
for related proton transfefs!! mainly derived from studies of

than 5%. The values of the second-order rate constants given in the
text were derived from the fit of the corresponding pseudo-first-order
constants, the reported standard deviation being in this case that
corresponding to the fit.

Computational Details. Calculations were performed with the
Gaussian 98 series of prograf®ensity functional theory (DFT) was
applied with the B3LYP functiondk3* Effective core potentials (ECPs)

the reaction in the reverse sense (i.e., protonation of metalere ysed to represent the innermost electrons of the iron atom as well

hydrides to form dihydrogen complexes). Nevertheless, an

as the electron core of the phosphorus aténi%The basis set for the

unprecedented intermediate structure that can be described as Be and P atoms was that associated with the pseudo-poféitiaith
complex containing an end-on coordinated dihydrogen has beena standard doublé-LANL2DZ contraction, supplemented in the case

located along the reaction coordinate. No significant structural
differences exist for the intermediates formed in the reaction
of the free metal complex with respect to those formed in the
presence of BF or PR, the anion always following the metal
complex and facilitating separation of the reaction products
without any interference from the deprotonation process (i.e.,
ion pairing and dihydrogen bonding coexist and operate in a
cooperative way for this system). This result contrasts with
recent observatiod%showing that ion pairing with BF causes

a deceleration of the proton transfer from HCI to the;SAHs-
(dmpe}]* hydride complex. In that case, theoretical calculations
indicate that BE~ can insert itself between the coordinated
hydride and the acid, thus hindering formation of the dihydrogen
bond required for the proton transfer. The observation of such
a different behavior of the same anion in two related reactions

indicates that more work must be made to achieve a precise

understanding of the role of ion pairs in this kind of reaction.
Experimental Procedures

The complextrans[FeH(H.)(dppe}](BF,) was prepared following
the literature proceduré,and its purity was confirmed biH and3'P-
{H} NMR. The formation ofcis-[FeH,(dppe}] as the product of
reaction with an excess of NEwvas also confirmed using NMR. All

of P with a set of d polarization functiod$A 6-31G(d,p) basis was
used for hydrogen atoms directly bonded to the metal and the nitrogen
and fluorine atoms, while a 6-31G basis set was used for the rest of
atoms in the systef¥#° The transition states for the isomerization
processes were characterized by analytical frequency calculations.
The inclusion of solvent is mandatory to obtain realistic values of
the ion pair energies. Solvent effects were taken into account by means
of polarized continuum model (PCM) calculatiéh® using standard
options®! Free energies of solvation were calculated with THFE(
7.6) and acetone & 20.7) as solvents, keeping the geometry optimized
for the gas-phase species (single point calculations). The proton transfer
and separation processes could be strongly affected by the solvent.
Given the impossibility of locating the transition states in solution for
technical reasons, our strategy has been to compute potential energy
curves in the gas phase and then recalculating the complete curve with
the solvent, instead of only performing single point calculations in
solution for the gas-phase transition states. In this way, different
positions of the transition state as a function of the nature of the solvent
can be taken into account. The curves presented in Figures 5, 6, 8, 9,
and 11 have been obtained with this approach.
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