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H/D scrambling took place in a chromium-catalyzed dehydrocoupling reaction of deuterium-labeled borane—

dimethylamine adduct. In the hydrogen elimination of BH;:NDMe, (1a-dy), H,, HD and D, were generated in 65:30:5 ratio,
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and 62 % of deuterium atom was incorporated into the major product, dimethylaminoborane dimer. Proton and deuteron

nuclei were thus concentrated into the evolved dihydrogen and aminoborane dimer, respectively. The mechanism for the

H/D scrambling is understood based upon the reaction pathway of the dehydrocoupling of 1a, which was previously

proposed based on DFT calculations. The H/D distribution in the products is explained by the energy difference according

to the deuterated position in an intermediate of the dehydrocoupling reaction.

Introduction
Much attention is focused on transition metal-catalyzed
dehydrocoupling reactions of borane—amine adducts.”™ The

products of this reaction, aminoboranes and borazines, can be
good precursors of BN ceramics. In addition, the large
hydrogen content and its effective release in this reaction
strongly suggest the potential utility of amine—boranes (in
particular ammoniaborane) as chemical hydrogen storage
materials.”> Thus, research in this area can influence the
development of new energy systems such as fuel cells.
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Previously, we reported borane dehydrocoupling reactions
catalyzed by group-6 metal carbonyls, [M(CO)¢] (M = Cr, Mo,
W).2 When a borane—secondary amine adduct BH3-NHR, (1) is
photolyzed in the presence of catalytic amount of [M(CO)¢], a
dimeric or monomeric aminoborane [BH,NR,], (2: n=2,3:n =
1) is produced according to the bulkiness of the amine
substituents. If a primary adduct BH5-NH,R is employed as a
precursor, a borazine derivative [BHNR]; is provided. The
mechanism for the dehydrocoupling of secondary adducts was
investigated by DFT calculations. This reaction proceeds in an
intramolecular stepwise mechanism, and the dehydrogenation
follows 1,2-elimination (Scheme 1). Borane 1a is coordinated
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to the active catalyst [Cr(CO),] through a BH and the NH
hydrogen atoms, and the resulting chelate complex 4
undergoes NH and BH activation to generate an
aminoborane(dihydride) complex 6 via an intermediate 5.
Complex 6 readily releases an aminoborane molecule 3, and
the remained dihydride [Cr(CO)4H,] (7) liberates H, to
regenerate [Cr(CO),] after isomerization to a dihydrogen
aduuct 8. When the amine substituents are small,
aminoborane 3 dimerizes to yield a cyclic dimer [BH,NR,], (2).
During the dehydrogention reaction, a borane ¢ complex
[Cr(CO)s(nl—BH3~NHR2)] is observed by NMR spectroscopy. This
species acts as a reservoir of [Cr(CO)s], which is readily
converted to the active catalyst [Cr(CO),] in the reaction
system.

To further confirm this reaction mechanism and to know what
occurs on the metal atom during the dehydrocoupling process,
we carried out deuterium labeling experiments. We thought
that the intramolecular 1,2-H elimination could be ascertained
by the dehydrogeation of BH;:NDMe,. However, we observed
unexpected H/D scrambling to yield an H-rich dihydrogen
isotopomeric mixture and D-introduced dimethylaminoborane
dimer. We report here this observation and discuss the
mechanism of the H/D scrambling on the basis of a DFT study.

Results and discussion

Dehydrocoupling of BH;:NDMe,. The H/D scrambling was found
to occur when the Cr-catalyzed dehydrocoupling reaction of
BH5;-NDMe, (1a-dy) was monitored using 'H, 2H, and ''B NMR
spectroscopy. Thus, a benzene solution and a benzene-dg
solution of 1a-dy containing [Cr(CO)g] (5 mol %) were sealed in
Pyrex NMR sample tubes, and were photolyzed for 40 min and
then left at room temperature for 2 days to complete the
dehydrocoupling reaction. On the basis of the intramolecular
1,2-dehydrogenation mechanism, only HD should be expected
to evolve as a dihydrogen isotopomer. In actual, however, all
the isotopomers, H,, HD and D, were observed. The ’H NMR
spectrum of the resulting benzene solution exhibited
resonances of HD and D, as a doublet (4.50 ppm, 1JHD =42.7
Hz) and a singlet (4.45 ppm) signal, respectively. Their relative
quantity was 64:11 as judged by comparing the signal intensity.
Likewise, the relative quantity of H, and HD evolved in this
reaction was determined to be 140:64 based on their signal
intensity in the 'H NMR spectrum of the benzene-dg solution
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(H,: singlet, 4.46 ppm; HD: triplet, 4.43 ppm, I_IHD = 42.7 Hz).
Hence, H,, HD, and D, were generated in 65:30:5 ratio in the
dehydrocoupling of 1a-dy. In generated dihydrogen, the
content of 'H nucleu was much higher than that of ’H. The
percentage of 'H nuclei amounts to 80 %. Also, the observed
isotopomer distribution almost equals the statistical
distribution of proton and deuteron under this 'H content
(64:32:4).

Previously, Pacchioni has reported that H/D scramling occurs
via [Cr(CO)4(H,)(D;,)] when [Cr(CO)¢] is photolyzed under H,/D,
atmosphere.23 In our reaction system, redistribution of
dihydrogen isotopomers would also occur through
[Cr(CO)4(H,)(D,)]. D, can be formed via this process.
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Figure 1. H NMR spectral change (76.7 MHz, C¢Hs) during the Cr-catalyzed
dehydrocoupling of la-dy. (a) BH3:NDMe, (la-dy) / [Cr(CO)e] (5 mol%), before
irradiation. (b) After irradiation (40 min) + RT 2d.

Figure 1 exhibits the H NMR spectral change during the
dehydrocoupling of 1a-dy. Before the reaction, only a
resonance of the nitrogen-attached deuterium is observed at
3.28 ppm as a broad singlet. After the completion of the
dehydrogenation reaction, however, this signal disappeared
and a boron-coupled quartet resonance appeared alternatively
at 3.00 ppm. This resonance is assigned to the BHD moiety of
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deuterated aminoborane dimers, 2a-d and 2a-d, (Chart 1). The
deuterium incorporation into the aminoborane was further
confirmed by the appearance of a 2H—coupled triplet resonance
in the 11B{lH} NMR spectrum (Figure 2). When the signal of
CgHsD in the solvent is used as the internal standard in the H
NMR spectrum (Figure 1), it has been shown that 62 % of
deuterium has been introduced into the aminoborane product.
Thus, in the dehydrocoupling of 1a-dy, proton and deuteron
nuclei were concentrated into the produced dihydrogen and
dimethylaminoborane dimer, respectively.

(a) 2a \ﬂ\ (2a-d (b) 2a \ﬂ (Za-d
k \
7 s s 7T
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3

Figure 2. 11B{IH} NMR spectra of 2a-d in the reaction mixture of the dehydrocoupling of
1a-dy. (a) a common spectrum (b) a resolution-enhanced spectrum obtained by the use
of sin-bell type window function.

Computational Approach to the Intramolecular H/D
Scrambling. Here we consider the mechanism for the H/D
scrambling on the basis of the reaction pathway of the
chromium-catalyzed borane dehydrocoupling. Figure 3 exhibits
the free energy profile for the transformation of 1la-dy on
[Cr(CO),], which was suggested by DFT calculations using the
PBEO functional.®* Its left half is essentially the same as the
dehydrogenation pathway of 1a, which we reported in the
previous paper.3 However, the relative free energy values are
slightly perturbed by the deuterium substitution. After
[Cr(CO),] was chelated by 1a-dy with a BH and the ND atoms,
the ND and BH bond activation steps proceed successively,
forming a BH,=NMe, ligand on the metal atom. In the first
step, the chromium atom is inserted into the ND bond to
generate the amidoborane(deuteride) complex 5-dy. The
BH,NMe, moiety in the amidoborane ligand then rotates 90°
around the Cr—N axis, leaving the metal-bound BH hydrogen
atom, thereby the BH activation is accomplished. Note that in
the resulting intermediate 6-d¢, the hydride and deuteride
ligands, which were originally attached to boron and nitrogen
respectively, are located at mutually equivalent positions with
respect to the BH,NMe, ligand.

<<Figure 3>>

The borane dehydrocoupling is achieved by dissociation of the
aminoborane ligand from 6-d¢, and subsequent release of HD
from the resulting hydride(deuteride) complex. The
aminoborane dissociation from 6-d¢ is 13.8 kcal mol™
endothermic in electronic energy and only 0.2 kcal mol™®
endergonic in free energy. Remarkably, the reversion of
complex 6-d¢, to the reactants, [Cr(CO),] plus 1a-dy, can also
occur easily. The highest barrier for the reversion process is

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 6


http://dx.doi.org/10.1039/c7dt02345f

Page 3 of 6 Dalton Transactions

View Article Online
DOI: 10.1039/C7DT02345F

Published on 15 August 2017. Downloaded by Fudan University on 24/08/2017 13:44:41.

13.1 kcal mol™, which is taken for the conversion of 5-dy to
TS1-dy. On the initial step of the reversion, if the aminoborane
ligand of 6-d¢, rotates so that the boron end approaches the
hydride ligand, 4-dy will only be reproduced via TS2-dy, 5-dy,
and TS1-dy. On the contrary, if the aminoborane group rotates
so that the boron end is brought close to the deuteride ligand,
the boron-deuterated intermediate 5-dg,) will be formed. This
species can readily be converted to 4-dg,), which then releases
BH,D-NHMe, (1a-dg). In fact, the boron-attached deuteron
assignable to 1a-dg is observed in the ’H NMR spectrum (2.04
ppm, a broad quartet) of the reaction mixture just after the
photolysis. This boron-deuterated adduct can coordinate to
[Cr(CO),] through a BH and the NH hydrogen atoms to release
H,, yielding BHD=NMe, (3a-d), via an intermediate 6-dg (Figure
4). Product 3a-d dimerizes (or associates with 3a) to produce
2a-d, (or 2a-d).

Figure 4. The boron-deuterated intermediate 6-dg.

The barriers for interconversion among the intermediates for
the H/D scrambling are sufficiently low, that the intermediates
can be in a quasi equilibrium. Accordingly, the isotope
distribution in generated dihydrogen and
dimethylaminoborane should be prescribed by the relative free
energy of the isotopomers of intermediate 6, which finally
release aminoborane and dihydrogen. In the intramolecular
H/D scrambling, 6-d¢, releases 3a and HD while 6-dg liberates
3a-d and H,. Frequency calculations showed that 6-dg is 0.33
kcal mol™ stable relative to 6-dc; in free energy. Based on this
energy difference, the relative abundance of 6-dg and 6-dc; is
expected to be 63.4:36.6 in the reaction system. This value is
well consistent with the observed deuteration percentage in
the obtained aminoborane 2a (62 %). Furthermore, it is also
expected that a dihydrogen isotopomeric mixture with H:D =
81.7:18.3 is produced on the basis of this value. This also well
accords with the observation.
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Figure 5. Rotation of the BH,D group of 5-dg, involving site exchange of the deuterium
atom. The relative free energy values are given in kcal mol™. The zero-point corrected
electronic energies are also given in parentheses.

This journal is © The Royal Society of Chemistry 20xx

Evolution of H, and formation of 3a-d can also take place
through rotation of the BH,D group of intermediate 5-dgy,
followed by the BH activation of resulting 5-dg). This proceeds
via TS3, which involves an nz—interacting borane group (Figure
5).25 However, the energy barrier for the BH,D rotation, 19.5
kcal mol™, s substantially higher than that for the
aforementioned mechanism including dissociation and

recoordination of 1a-dg.

Conclusions

In this work, we found intramolecular H/D scrambling in the
chromium-catalyzed dehydrocoupling reaction of borane—
dimethylamine adduct. Their mechanisms can be explained
with the reaction pathway of the dehydrocoupling. These
findings embody a dynamic behavior of the metal-coordinated
amine—borane molecule and its hydrogen atoms, which move
around the coordination sphere of the metal centre.

Experimental

All manipulations were carried out under high vacuum or dry
nitrogen atmosphere. Reagent-grade THF was distilled under
nitrogen atmosphere from sodium-benzophenone ketyl
immediately before use. Benzene and benzene-dg were dried
over a potassium mirror and vacuum transferred into NMR
tubes directly before use. BH3-NHMe, (1a) were prepared by
treatment of NaBH, with the corresponding ammonium salt in
THF according to the literature.”® BH;-NDMe, (1la-dy) was
prepared by dissolving 1a in D20.27 [Cr(CO)g] (Strem), NaBD,
(Aldrich), [NH,Me,]Cl and D,O (Wako Pure Chemicals) were
purchased and used as received. lH, ZH, and 'B NMR spectra
were recorded on a JEOL a-500 spectrometer.

Dehydrocoupling Reaction of BH;:NDMe, (la-dy). A Pyrex
NMR sample tube equipped with a Teflon stop cock was
charged with 1a-dy (15 mg. 0.25 mmol) and [Cr(CO)e] (2.8 mg,
1.3 x 107 mmol), and connected to a vacuum line. Dry
benzene (0.4 mL) was introduced onto the sample, and the
NMR tube was flame-sealed under high vacuum. This solution
was irradiated using a 450W medium pressure Hg lamp for 2
hours, and was then allowed to stand at room temperature for
2 days to complete the dehydrocoupling reaction. The 2H NMR
spectrum of the reaction mixture showed resonances of HD
(4.50 ppm, doublet, 1JHD = 42.7 Hz), D, (4.45 ppm, singlet), and
deuterated dimethylaminoborane dimers (3.00 ppm, broad
quartet, 1JBD = 101.4 Hz). By comparing the signal intensity, the
relative quantity of HD and D, was determined to be 64:11. In
a similar manner, a benzene-dg solution of 1a-dy (16 mg, 0.27
mmol) containing [Cr(CO)s] (2.9 mg, 1.3 x 107 mmol) was
prepared, photolyzed and then left at room temperature. The
'H NMR spectrum of this reaction mixture showed the
formation of H, and HD along with aminoborane dimer (H,:
singlet, 4.46 ppm; HD: triplet, 4.43 ppm, 1JHD =42.7 Hz). In this
solution, the ratio of H, and HD was 140:64 as determined by
the signal intensity. Thus, the relative quantity of H,, HD, and

J. Name., 2013, 00, 1-3 | 3
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D, evolved in the dehydrocoupling reaction was estimated to
be 13:6:1 by the normalization using HD as a standard.

In addition, before the reaction the ’H NMR signal intensity of
the ND atom of 1a-dy was 15.01 relative to the signal of CgHsD
(natural abundance), while after the reaction, the relative
intensity of BHD signal of deuterated aminoboranes was 9.04.
Thus, 62 % of deuterium migrated onto the boron atom.
Computational Details. To obtain thermochemical parameters,
frequency calculations were carried out on deuterated
isotopomers of the species that participate in the
dehydrocoupling reaction of 1a, whose structures were
previously optimized and reported.3 This computation was
performed at the DFT/PBEO level of theory.24 Chromium was
described with the effective core potentials (ECP) of Hay and
Wadt with a double-{ valence basis set (LANL2DZ)28
augmented with f-polarization functions (o = 1.941).29 A
double & plus polarization valence basis set augmented with
diffuse functions, 6-31++G(d,p) was employed for B, N, BH, CrH
and NH hydrogen atoms, which directly participated in the
dehydrocoupling. For the other atoms, a standard 6-31G(d)
basis set was applied. These functional and basis sets are the
same as those employed for the geometry optimizations.
Thermochemical parameters thus obtained, including zero
point energies and Gibbs free energy contributions, were then
added to the solvation free energy obtained by the SCRF (self
consistent reaction field) calculations using the CPCM model.*
As reported previously, on the SCRF calculations, Stuttgart-
Dresden ECP and valence triple-C plus f-polarization basis set
(SDD) were used for chromium,31 and Dunning’s aug-cc-pVDZ
was employed to describe the other atoms.*? The free energy
values are given as those at 298 K and 1 atm in benzene. All
calculations were performed with the Gaussian 03 package of
programs.>®

Conflict of interest

There are no conflicts of interest to declare.

Acknowledgements

This work was supported by Grant-in-Aid for Scientific
Research (No. 21550056) from Ministry of Education, Culture,
Sports, Science and Technology, Japan.

Notes and references

1 C. A. Jaska and I. Manners, Inorganic Chemistry in Focus Il
(eds. G. Meyer, D. Naumann, L. Wesemann), Wiley-VCH,
Weinheim, 2005, pp. 53-64; T. J. Clark, K. Lee and |. Manners,
Chem. Eur. J., 2006, 12, 8634.; C. W. Hamilton, R. T. Baker, A.
Staubitzc and I. Manners, Chem. Soc. Rev., 2009, 38, 279.

2 H.C.Johnson, T. N. Hooper and A. S. Weller, Top. Organomet.
Chem. 2015, 49, 153; A. Staubitz, A. P. M. Robertson, M. E.
Sloan and |. Manners, Chem. Rev., 2010, 110, 4023; A.
Staubitz, A. P. M. Robertson and |. Manners, Chem. Rev.,
2010, 110, 4079; A. Rossin and M. Peruzzini, Chem. Rev.,
2016, 116, 8848. €e) J. Choi, A. H. R. MacArthur, M. Brookhart
and A. S. Goldman, Chem. Rev., 2011, 111, 1761; E. M. Leitao,

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

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

View Article Online
DOI: 10.1039/C7DT02345F

T. Jurca and I. Manners, Nat. Chem., 2013, 5, 817; R.
Waterman, Chem. Soc. Rev., 2013, 42, 5629.

Y. Kawano, M. Uruichi, M. Shimoi, S. Taki, T. Kawaguchi, T.
Kakizawa and H. Ogino, J. Am. Chem. Soc., 2009, 131, 14946.

T. Kakizawa, Y. Kawano, K. Naganeyama and M. Shimoi,
Chem. Lett., 2011, 40, 171.

Y. Kawano, T. Asaka and M. Shimoi, Chem. Lett., 2017, 46, in
Press.

A. Kumar, I. K. Priest, T.N. Hooper and A. S. Weller, Dalton
Trans., 2016, 45, 6183.

C. A. Jaska, K. Temple, A. J. Lough and |. Manners, Chem.
Commun., 2001, 962; C. A. Jaska, K. Temple, A. J. Lough and I.
Manners, J. Am. Chem. Soc., 2003, 125, 9424.

A. Staubitz, A. P. Soto and I. Manners, Angew. Chem., Int. Ed.
Engl., 2008, 47, 6212.

T. J. Clark, C. A. Russell and I. Manners, J. Am. Chem. Soc.,
2006, 128, 9582.

M. E. Sloan, T. J. Clark and I. Manners, Inorg. Chem., 2009,
48, 2429.

Y. Chen, J. L. Fulton, J. C. Linehan and T. Autrey J. Am. Chem.
Soc., 2005, 127, 3254; ). F. Fulton, J. C. Linehan, T. Autrey, M.
Balasubramanian, Y. Chen and N. K. Szymczak, J. Am. Chem.
Soc., 2007, 129, 11936.

R. Dallanegra, A. B. Chaplin and A. S. Weller, Angew. Chem.,
Int. Ed. Engl., 2009, 48, 6875.

C. B. Musgrave and A. Paul, Angew. Chem., Int. Ed., 2007, 46,
8153.

C. J. Stevens, R. Dallanegra, A. B. Chaplin, A. S. Weller, S. A.
Macgregor, B. Ward, D. McKay, G. Alcaraz and S. Sabo-
Etienne, Chem. Eur. J., 2011, 17, 3011.

M. C. Denney, V. Pons, T. J. Hebden, D. M. Heinekey and K. I.
Goldberg, J. Am. Chem. Soc., 2006, 128, 12048.

R. J. Keaton, J. M. Blacquiere and R. T. Baker, J. Am. Chem.,
Soc. 2007, 129, 1844.

T. J. Clark, G. R. Whittell and Manners, Inorg. Chem., 2007,
46, 7522.

M. C. Denney, V. Pons, T. J. Hebden, D. M. Heinekey and K. I.
Goldberg, J. Am. Chem. Soc., 2006, 128, 12048.

N. Blaquiere, S. Diallo-Garcia, S. I. Gorelsky, D. A. Black and K.
Fagnou, J. Am. Chem. Soc., 2008, 130, 14034.

M. KaB, A. Friedrich, M. Drees and S. Schneider, Angew.
Chem. Int. Ed., 2009, 48, 905.

M. Vogt, B. de Bruin, H. Berke, M. Trincado and H.
Grutzmacher, Chem. Sci., 2011, 2, 723.

W. Grochala, P. Peter and P. P. Edwards, Chem. Rev., 2004,
104, 1283; T. B. Marder, Angew. Chem., Int. Ed. Engl., 2007,
46, 8116.

G. Pacchioni, J. Am. Chem. Soc., 1990, 112, 80.

J. P Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 1996,
77, 3865.

We have reported BH exchange of borane ¢ complexes via an
nl—nz—nl mechanism: M. Shimoi, S. Nagai, M. Ichikawa, Y.
Kawano, K. Katoh, M. Uruichi and H. Ogino, J. Am. Chem.
Soc., 1999, 121, 11704; T. Kakizawa, Y. Kawano and M.
Shimoi, Organometallics, 2001, 20, 3211; Y. Kawano, T.
Kakizawa, K. Yamaguchi and M. Shimoi, Chem. Lett., 2006,
35, 568; Y. Kawano, M. Hashiva and M. Shimoi,
Organometallics, 2006, 25, 4420.

J. Bonham and R. S. Drago, Inorg. Synth., 1967, 9, 8; H. N6th
and H. Beyer, Chem. Ber., 1960, 93, 928; H. C. Kelly, F. R.
Marchelli and M. B. Giusto, Inorg. Chem., 1964, 3, 431.

W. H. Myers and G. E. Ryschkewitsch, Inorg. Chem., 1978, 17,
1157.

P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 270; W. R.
Wadt and P. J. Hay, J. Chem. Phys., 1985, 82, 284; P. ). Hay and
W. R. Wadt, J. Chem. Phys., 1985, 82, 299.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 6


http://dx.doi.org/10.1039/c7dt02345f

Published on 15 August 2017. Downloaded by Fudan University on 24/08/2017 13:44:41.

:[=Palton Fransactions i

Journal Name

29 A. W. Ehlers, M. Bohme, S. Dapprich, A. Gobbi, A. Hollwarth,
V. Jonas, K. F. Kohler, R. Stegmann, A. Veldkamp and G.
Frenking, Chem. Phys. Lett., 1993, 208, 111.

30 V. Barone and M. Cossi, J. Phys. Chem. A, 1998, 102, 1995; M.
Cossi, N. Rega, G. Scalmani and V. Barone, J. Comput. Chem.,
2003, 24, 669.

31 U. Haussermann, M. Dolg, H. Stoll, H. Preuss, P
Schwerdtfeger and R. M. Pitzer, Mol. Phys., 1993, 78, 1211;
W. Kuechle, M. Dolg, H. Stoll, H. Preuss, J. Chem. Phys., 1994,
100, 7535; T. Leininger, A. Nicklass, H. Stoll, M. Dolg and P.
Schwerdtfeger, J. Chem. Phys., 1996, 105, 1052.

32 T. H. DunningJr., J. Chem. Phys., 1989, 90, 1007.

33 Gaussian 03, Revision D.01, M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A.
Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M.
Millam, S. S. lyengar, J. Tomasi, V. Barone, B. Mennucci, M.

?D
Hj

1a-dy
+

5-dy

ARTICLE

Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao,; H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J.
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K.
Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G.
Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J.
V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez and J. A. Pople, Gaussian,
Inc., Wallingford CT, 2004.

4'dB( b)

5-d B(b)

Figure 3. Free energy profile of the H/D scrambling of 1a-dy on [Cr(CO),]. The energy values are given in kcal mol™. Indigo = Cr, green = B, blue gray = N, red = O, brown = C, pink =

H, orange = D.
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