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Transition Metal Complexes Coordinated by an NAD(P)H Model
Compound and their Enhanced Hydride-Donating Abilities in the Presence
of a Base

Atsuo Kobayashi,'! Hideo Konno,' ¥ Kazuhiko Sakamoto,'! Akiko Sekine,™
Yuji Ohashi,™ Masashi Iida,"”! and Osamu Ishitani*!

Abstract: The ruthenium(i) and rhe-
nium(l) complexes containing an
NAD(P)H model compound, 1-benzyl-
1,4-dihydronicotinamide (BNAH), as
ligand, [Ru(tpy)(bpy)(BNAH)I* (1a)
and  [Re(bpy)(CO);(BNAH)]* (1b),
were quantitatively produced by the re-
action of the corresponding metal hy-
drido complexes with BNA™* (1-benzyl-
nicotinamidium cation). In the pres-
ence of base with pK,=8.9, 1a and 1b
have much greater reducing power
than “free” BNAH. The oxidation po-
tentials of 1a in the absence and the
presence of triethylamine were 0.55V
and —0.04 V, respectively, versus Ag/
AgNO;, whereas that of “free” BNAH
was 0.30 V. Spectroscopic results clear-

ly showed that the base extracts a
proton from the carbamoyl group on
1la and 1b to give the deprotonated
BNAH coordinating to the transition-
metal  complexes [Ru(tpy)(bpy)-
(BNAH-H%)]* (3a) and [Re-
(bpy)(CO);(BNAH—H")] (3b); this
deprotonation underlies the enhance-
ment in reducing ability. The deproton-
ated forms 3a and 3b can efficiently
reduce other NAD(P) models to give
the corresponding 1,4-dihydro form, re-
sulting in the deprotonated BNATY

coordination
NADH

Keywords: acidity
modes - hydrides
transition metals

being coordinated to the metal com-
plexes  [Ru(tpy)(bpy)(BNA*—H")]*
(2a) and [Re(bpy)(CO);(BNAT—H™Y)|*
(2b); “free” BNAH and the protonat-
ed adducts 1a and 1b cannot act in this
way. X-ray crystallography was per-
formed on the PF;~ salt of 2a, and
showed that the deprotonated nitrogen
atom on the carbamoyl group coordi-
nates to the ruthenium(i) metal center
with a bond length of 2.086(3) A. Infra-
red spectral data suggested that the de-
protonated carbamoyl group on the re-
duced forms 3a and 3b is converted to
the imido group, and that the oxygen
atom coordinates to the metal center.
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Introduction

It is known that the addition of metal ions promotes and ac-
celerates many chemical reactions.'? In many cases the
metal ion coordinates as a Lewis acid to a lone pair or to &
electrons in a substrate, increasing the electrophilicity and
oxidation capability of the substrate. Metal ions also interact
with intermediates, such as radical anions, stabilizing them
and, consequently, influencing reaction rates.

A typical example of metal-ion effects occurs in the re-
duction of various substrates with coenzymes NAD(P)H or
their model compounds.”! In some enzymic systems, zinc(1r)
ions are essential for the reduction of unsaturated com-
pounds with NAD(P)H.! Addition of bivalent metal ions
such as Mg®™ and Sc’* dramatically accelerates the electron-
or hydride-transfer rate from the NAD(P)H analogues to
oxidants,”?” and detailed mechanistic studies show that in-
teraction of the oxidants and/or reduced intermediates with
the metal ions is an important cause of this. It has been re-
ported that NAD(P)H analogues also interact with metal
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ions.P><78221 The oxidation potential of a binary complex of
the NAD(P)H analogue with the metal ion is shifted posi-
tively relative to the “free” NAD(P)H analogue.”” For ex-
ample, the complex of 1-benzyl-1,4-dihydronicotinamide
(BNAH, a typical NAD(P)H analogue) and Mg>* is oxi-
dized at a potential 0.23V more positive than “free”
BNAH. Consequently, the reducing abilities of the
NAD(P)H analogues themselves are lessened by complexa-
tion with the metal ions, although formation of a ternary
complex involving an NAD(P)H analogue, a metal ion, and
a oxidant has been assumed as another cause of the acceler-
ation.>"!

We report here the unique reactivities of NAD(P)H
model compounds coordinating to a ruthenium(1) or rheniu-
m(1) complex.”' They have greater reducing abilities in the
presence of base than the corresponding “free” model com-
pound. Spectroscopic studies clearly show that deprotona-
tion from the carbamoyl group on the NAD(P)H model
compound is a key stage in this “unusual” phenomenon.
The X-ray crystallographic structure of the NAD(P) model
compound coordinating to the ruthenium(1) complex is also
reported for the first time.

Results and Discussion

As a typical run, PF,~ salts of 1-benzylnicotinamidium
cation (BNA*, 32 umol) were added to a solution of [Ru-
(tpy)(bpy)H]*PF,~ (32 umol) in acetonitrile, to give a 1:1
adduct 1a within one minute. This solution was quickly
added to a further solution of triethylamine (0.2 final con-
centration) and PF¢~ salts of 1-benzyl-N,N-diethylnicotina-

Ho oy oy Q_MT(n-1>+

H_H s ok
CONH,M = C-N-M C=NH
|1 + | |
=
N N N

i

CH,Ph CH,Ph &n,Ph
M = [Ru(tpy)(bpy)]; 11 = 2 1a 2a 3a
M = [Re(bpy)(CO)q]; = 1 1b 2b 3b

midium cation (BEt,NA*, 120 umol) in acetonitrile under
an Ar atmosphere. The solution was kept at room tempera-
ture for 1h, and the 1,4-dihydro product of BEt,NA™* (1,4-
BEt,NAH) was formed selectively; the position isomers of
1,4-BEt,NAH and the dihydro products of BNA* were not
detected [Eq. (1)].

From the reaction solution, a ruthenium complex coordi-
nated with deprotonated BNA™T (2a) was isolated at 75%

H_H
e Cre
N ||
1a + Ny +  NEt 2 N +HNEt, ™

! i |
CH, Ph in MeCN ¢H,Ph
BELNA" BELNAH

yield. An electrospray ionization mass spectrum of 2a
showed essentially a single peak at m/z =352, attributable to
[Ru(tpy)(bpy)(BNAT—H™)]**. In 2a, the deprotonated N-
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atom of the carbamoyl group of BNA* coordinates the cen-
tral ruthenium ion, according to spectroscopic evidence and
X-ray crystallographic results as follows. The NMR signals
of the protons at the 2- and the 4-positions of the pyridini-
um cation in 2a were observed at 0.5 and 1.0 ppm downfield
from those in “free” BNA™, respectively, but the shifts in
other signals of the deprotonated BNA™ ligand were much
smaller (< 0.3 ppm). The C=O stretching band of 2a was ob-
served at 67 cm™! lower than “free” BNA™*, and the vc
band for 2a shifted up by 39 cm™ (Table 1). These shifts are
characteristic of deprotonated carbamoyl groups coordinat-
ing to metal complexes through the nitrogen atom.?

Table 1. IR spectral data [cm '] measured in CD;CN at room tempera-
ture.

[a] [b]

Ves=ce Veo=c3 Ve=0
la 1680 1631 1530 - 1308
1a + NEt,“ 1679 1614 - 1563(sh) -
1b 1680 1633 1520 - 1309
1b + NEt¥ 1681 1612(sh) - 1570 -
BNAH 1687 1651 1578 - 1300
1c 1673 1590 1521 - -
1d 1684 1646 1550 - 1284
2a - - 1638 - 1427
2b - - 1640 - 1437
BNAt - - 1705 - 1388

[a] Medium peak, which is probably attributable to vc_y. See text.
[b] Medium peak, which is probably attributable to vy See text. [c] In
the presence of 0.2M NEt;, 3a was quantitatively formed. [d] IR bands at-
tributed to 3b, which was formed by deprotonation of 1b in the presence
of 0.2M NEt;.

This identification is clearly supported by the X-ray crys-
tallographic analysis for the PF,~ salt of 2a. Figure 1 shows
the ORTEP drawing of 2a, and selected bond lengths and
angles are summarized in Table 2. The structure clearly
shows that the nitrogen atom on the deprotonated carbamo-
yl group is directly bonded to the ruthenium center, since
only a single hydrogen atom bonded to the nitrogen atom
was found and the bond lengths of N6—C26 and O1—C26
were 1.315(4) and 1.234(4) A, respectively, which are typical
values for the carbamoyl group on NAD(P) model com-
pounds (1.32 and 1.23 A).”¥ Both the N6 and C26 atoms on
the deprotonated carbamoyl group have trigonal planar
structures, and the torsion angle 7[Ru-N6-C26-O1] was
4.2(5)°, showing that the lone pair of electrons on N6 and
the C26—01 double bond are highly conjugated in the same
manner as the carbamoyl group on “free” 1-methylnicotina-
mide, in which the bond angles around the carbamoyl nitro-
gen atom are 124, 116, and 119°.2%% The pyridinium ring is
almost planar and the bond lengths on it are identical to
those on “free” 1-methylnicotinamide to within 0.01 A%
The torsion angle t[C28-C27-C26-01], which gives an indi-
cation of the conformation about the bond between the pyr-
idinium ring and the carbamoyl group, is 18.5(4)°, similar to
one of the two most stable conformations calculated theo-
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Figure 1. ORTEP view of the [Ru(tpy)(bpy)(BNA*-H)]** molecule.
Probability of the thermal ellipsoid is 30 %. PFs~ counterions are omitted
for clarity.

Table 2. Selected bond lengths [A] and angles [°] for [Ru(tpy)(bpy)-
(BNA*-H"Y)|(PFy), (2a).

Rul-N1 2.086(3) Rul-N6 2.086(3)
Rul-N2 2.070(3) N6-C26 1.313(4)
Rul-N3 2.069(3) 01-C26 1.232(4)
Rul-N4 1.948(3) C26-C27 1.520(4)
Rul-N5 2.073(4) N6-H 0.82(4)
N1-Rul-N2 77.98(12) C26-N6-Rul 129.3(2)
N3-Rul-N4 79.29(13) 01-C26-N6 125.4(3)
N4-Rul-N5 79.84(13) 01-C26-C27 115.6(3)
N1-Rul-N6 94.28(13) N6-C26-C27 119.0(3)
N2-Rul-N6 172.17(10) C26-N6-H6N 115(3)
N3-Rul-N6 93.72(13) Rul-N6-H6N 115(3)
N4-Rul-N6 92.69(12)

N5-Rul-N6 85.08(12)

retically (150° and 35°).%* The [Ru(tpy)(bpy)] group of 2a
has a similar structure to the reported [Ru(tpy)(bpy)L]*
type complexes (L=1", HCO,),! that is, slightly distorted
octahedral.

The hydride transfer reaction from 1a to BEt,NA™* can
be followed by using '"H NMR and IR spectroscopy, which
shows that the reaction proceeds almost quantitatively, as
shown in Equation (1). On the other hand, “free” 14-
BNAH cannot reduce BEt,NA* at ambient temperature,
even in the presence of NEt; and [Ru(tpy)(bpy)(MeCN)J**.
In the absence of NEt;, quantitative splitting of 1a proceeds
in MeCN to give “free” 1,4-BNAH and [Ru(tpy)(bpy)-
(MeCN)** [Eq. (2)],”* but formation of 2a and 14-
BEt,NAH was not observed. A similar phenomenon was
observed by using a different NAD(P) model, the 1-benzyl-
3-acetyl-pyridinum cation (BAcPy™) instead of BEt,NA™.
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These results clearly indicate that, specifically in the pres-
ence of NEt;, 1,4-BNAH coordinating to the ruthenium
complex has greater hydride-donor ability than “free” 1,4-
BNAH.

-~ ~CONEt,
+ |
1a O

N in MeCN

CH,Ph

BEt,NA*
H H

CONH, -~ CONEt

[Ru(tpy)(bpy)(MeCN)P**  +|| | + @ @
N N
CH,Ph CH,Ph
BNAH

What is the crucial role of NEt; in the hydride-transfer re-
actions of 1a to the NAD(P) models? Addition of NEt; to a
solution of 1a in CD;CN caused 'H NMR spectral changes
that are summarized in Table 3 (3a), whereas the 'H NMR

Table 3. '"H NMR data of the NAD(P)H-model ligands in the complexes
and “free” NAD(P)H-model.

Chemical shift [ppm]®!

R 2 4 5 6 CH,(-Ph)
1a CONH, 615 254 468 569 402
1a+NE CONH 624 261 436 571 4.08
1b CONH, 606 271 473 571 405
1b+NEt,)  CONH 648 257 436 572 413
BNAH CONH, 695 304 470 58 429
1cl COCH, 725 246 494 577 435
BAcPyH COCH; 728 294 485 582 437
14" CONEt, 505 213 395 541 384
BEt,NAH CONEt, 588 299 452 587 422

[a] Numbers show the position on the dihydropyridine ring. Data were
obtained from CD;CN, and the residual protons of the solvent were used
as an internal standard. [b] Substituent group on the 3-position of the di-
hydropyridine ring. [c] Signals attributed to 3a, which was formed by de-
protonation of 1a in the presence of NEt; (0.2m). [d] Signals attributed
to 3b, which was formed by deprotonation of 1b in the presence of NEt;
(0.2m). [e] Reference [21a].

spectra of “free” 1,4-BNAH and other 1:1 adducts without a
carbamoyl moiety at the 3-position, namely 1¢ and 1d,?"
were not affected by addition of NEt;. In other words, the
chemical shifts for the protons located close to the carbamo-

W h ORutyERY) |2

C-CH, e CONEtzRU(tpy)(bpm2+
8 [
N N
CH,Ph CH,Ph
1c 1d

yl group of the 1,4-BNAH ligand on the 2-, 4-, and 5-posi-
tions of the dihydropyridine ring were shifted by 0.07-
0.32 ppm. However the protons on the 6-position and on the
benzyl group showed much smaller shifts (< 0.06 ppm) upon
addition of NEt;.

The IR bands related to the carbamoyl group and its con-
jugated C2—C3 double bond of 1a also changed dramatically
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Figure 2. IR spectral change of a solution of 1a (8.0mm) in CD;CN
before (dotted line) and after (solid line) addition of NEt; (0.2m).

with addition of NEt;, but no shift was observed for the v¢s—cq
band, as shown in Figure 2. The vc-c; band was shifted
down by 17 cm™'. The v band, which gives as a strong
peak at 1530 cm ™', and a medium peak at 1308 cm™!, which
is probably attributable to the v band in the absence of
NEt;, both disappeared, and a new medium absorption band
was observed at ~1563 cm™!. These results imply that NEt,
acts as a base that takes on a proton from the carbamoyl
group of 1a to give 3a. The coordination mode of the de-
protonated 1,4-BNAH to the central ruthenium atom in 3a
should be different from 2a, in which the deprotonated ni-
trogen atom of the carbamoyl group of BNA™T coordinates
the ruthenium metal (i.e., -C(=0)—NH—-Ru), as described
above, since the IR bands related to the deprotonated car-
bamoyl groups are very different in these two complexes
(Figure 2 and Table 1). The absence of the v band and
the medium peak at 1530 cm™' in the case of 3a suggests
that the deprotonated carbamoyl group is converted to the
imide form and the oxygen atom coordinates the ruthenium,
that is, -C(=NH)-O—Ru [Eq.(3)]. The new band at
1563 cm ™ is probably from the C=N vibrational band.”*

ORu(tpy)bpy) |*

H H e H H |
CONH;Ru(tpy)(bpy) C=NH
| + Base | + BaseH" 3
N N
CH, Ph CH,Ph
1a 3a

The protonated (1a) and deprotonated (3a) forms are in
equilibrium with each other in the presence of NEt;, and
also in the presence of other strong bases with (pK,)w=38.9
and (pK,)an=17.5 (2-aminoethanol), where (pK,)y and
(pKa)n are pK, values measured in aqueous solution**!
and in an acetonitrile,”®! respectively. For example, the
ratio of 1a and 3a (total concentration 8.0mm) in MeCN
was 7:93 in the presence of 0.2m NEt;; by using these data
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and Equation (4), the equilibrium constant K was deter-
mined as 0.5. Addition of bases with (pK,)y values=7.76
and (pK,)an=15.9 (triethanolamine) did not change the
'"H NMR and IR spectra of 1a. Figure 3 shows the depend-

100

75 +
50 15 x

25 L

Yield or proportion / %

(pKa)W

Figure 3. Dependence of (-e-) the yield of 2a produced by the reaction
as shown in Equation (1), (-0-) the proportion of 3a in the equilibrium
between 1a and 3a as shown in Equation (3), and (-a-) the equilibrium
constant between 1a and 3a on the (pK,)w value of the conjugated acid
of an added base (0.2m):*1,10-phenantroline (1.9); nicotinic acid
(3.47); pyridine (5.42); triethanolamine (7.76); 2-aminoethanol (8.9); di-
ethanolamine (9.5); triethylamine (10.72); diethylamine (10.93); piperi-
dine (11.5).

ence of the equilibrium constants of Equation (3) on (pK,)w
of the bases added;? from this result, the (pK,).y value of
1a was estimated at 18.5+0.2. The coordination of 14-
BNAH to the ruthenium complex dramatically increases the
basicity of the carbamoyl group, since even the strongest
base used here, piperidine, for which (pK,)w=11.5 and
(pK,)an=18.9, did not cause deprotonation from “free” 1,4-
BNAH.

K = [3a][BaseH"]/[1a][Base] (4)

Figure 3 also shows the dependence of the proportion of
3a at equilibrium with 1a in the presence of various bases
(0.2m), and dependence of the yields of 2a, in the reduction
of BEt,NA™* (30mm) with 1a (8.0mm) and base (0.2m) upon
the pK, values of the added bases.”” Similar dependences of
the equilibria and the reactivities on the added base were
also observed by using BAcPy* instead of BEt,NA™ as a
hydride acceptor. These results strongly imply that hydride
reduction of the NAD(P) models proceeds by 3a, but not
1a, which dissociates to 1,4-BNAH and the solvento complex.

This claim is also supported by the observation that the
adducts of [Ru(tpy)(bpy)H]" with BAcPy* (1c¢, Tables 1
and 3), in which the substituent at the 3-position has no dis-
sociative proton, could not reduce BEt,NA™ even in the
presence of piperidine, and quantitatively dissociated to the
corresponding 1,4-dihydro product and the solvato complex.

How much does the coordination to the ruthenium com-
plex and deprotonation from the carbamoyl group influence
the redox property of 1,4-BNAH? Figure 4 shows cyclic vol-

www.chemeurj.org  Chem. Eur. J. 2005, 11, 4219-4226
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1.5 1 0.5 0 -0.5 -1
E/V s Ag/ AgNOg

Figure 4. Cyclic voltammograms of A)14-BNAH, B)1la, and C)3a
(3.4 mm) in MeCN containing Et,NBF, (0.1 M) under an Ar atmosphere
at a scan rate of 200mVs™'. In the case of C), the solution contained
0.2m NEt;, and the wave at ~0.3 V is attributed to oxidation of NEt;.

tammograms (CV) of 1,4-BNAH (A), 1a (B), and 3a (C)
measured in MeCN or MeCN-NEt; (0.2M). An irreversible
anodic wave was observed at 0.32 V for oxidation of “free”
1,4-BNAH in MeCN, and addition of NEt; did not signifi-
cantly affect the oxidation potential. On the other hand, the
CV of 1a shows two irreversible anodic waves, attributable
to oxidation of the 1,4-BNAH ligand at peak potentials of
0.55 and 0.86 V, and one quasi-reversible Ru™/Ru" wave at
0.98 V. Unfortunately, reversible waves for the first two oxi-
dations could not be observed even at high scan rates up to
2000 Vs~'. Even after an anodic scan up to 1.2 V, the follow-
ing cathodic scan did not show a wave attributable to the
BNA™ adduct 2a, which has redox potential for Ru'/Ru™
of 0.33 V. Although interpretation of the CV of NAD(P)
model compounds is still incomplete,” it is clear that their
oxidation potentials strongly reflect their reduction abilities.
The NAD(P)H model compounds are known to form 1:1
complexes with metal ions, including Mg**. It has been re-
ported that the oxidation potential of 1,4-BNAH is shifted
positively by ~0.2 V upon complexation with Mg**.?>?! 1t is
therefore likely that the coordination of 1,4-BNAH to the
central ruthenium(i) metal in 1a causes the 0.2 V positive
shift of the oxidation potential. Clearly, o donation from the
carbamoyl group of 1,4-BNAH to Ru" should lower the re-
ducing power of the 1,4-BNAH ligand in 1a.

Addition of NEt; (0.2M) caused a dramatic negative shift
of the oxidation potential of the complex, as shown in Fig-
ure 4C; a first irreversible anodic wave, attributable to the
oxidation of 3a, was observed at —0.04 V versus Ag/AgNO;,
which is 0.59 V more negative than the first oxidation wave

Chem. Eur. J. 2005, 11, 4219-4226 www.chemeurj.org
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of 1a.% Note that 3a is oxidized at a potential 0.36 V more
negative even than “free” 1,4-BNAH. This is consistent with
the greater hydride-donating ability of 3a relative to that of
“free” 1,4-BNAH. We believe that this electrochemical data
(Table 4) is the first clear evidence that complexation with a
Lewis acid enhances the reducing power of the NAD(P)H
model with the assistance of a base.

Table 4. Oxidation potentials of the complexes and “free” BNAH,
EX [V vs Ag/AgNO;]"! E> [V vs Ag/AgNO;]"

1a 0.55, 0.86, 0.98'! 3ald —0.04
1b 0.60, 1.0 3p 0.13
BNAH 032 BNAHY 0.30

[a] Cyclic voltammograms were taken in CH;CN containing 0.1m
Et,NBF, at a 0.2 Vs~' scan rate, using a glassy-carbon working electrode,
a Pt counter electrode, and a Ag/AgNO; (0.1M) reference electrode
under an Ar atmosphere. [b] Peak potentials for irreversible oxidation
waves. [c] E{}, for the quasi-reversible oxidation process. [d] In the pres-
ence of 0.2m NEt;,

The adduct of 1,4-BNAH with [Re(bpy)(CO);] complex
1b is also deprotonated from the carbamoyl moiety by addi-
tion of base to give 3b, for which the IR and '"H NMR spec-
tral changes are similar to those of 1a (Tables1 and 3).
Also, IR stretching bands of the CO ligands in the depro-
tonated form 3b were observed at 2011 and 1907 cm™;
these values are lower by 19 and 8 cm™' than those found
for 1b. Deprotonation from the carbamoyl group coordinat-
ing to the central rhenium(i) ion should increase the charge
density of the metal ion. This causes increase of m-back don-
ation from the carbonyl ligands, and weakens the CO bonds.
The difference in electrochemical properties between 1b
and 3b is similar to the ruthenium complexes; the oxidation
potential of 3b was negatively shifted by 0.47 V relative to
1b (Table 4).

Although these data strongly indicate that the coordinat-
ing structures of 1b and 3b are similar to the respective
ruthenium(1) complexes 1a and 3a, deprotonation from 1b
is a much slower process than from 1a. For example, 80 mi-
nutes was required after mixing 1b and NEt; (0.2m) to
reach equilibrium between 1b and 3b, though equilibrium
between 1a and 3a was reached within a minute, and split-
ting of 1b to “free” BNAH and the solvent complex occur-
red competitively in this condition (Figure 5 and Scheme 1).
The equilibrium constants (K) between 1b and 3b in the
presence of a base were smaller than for the ruthenium
complex 1a and 3a. For example, in the presence of 0.2m
NEt;, K=2x10"? and (pK,)an=19.9 for the rhenium com-
plexes, and K=0.6 and (pK,)ax=18.5+0.2 for the rutheni-
um complexes. The difference in charge of the central metal
ions, that is, the stronger acidity of the ruthenium complex,
is probably one of the causes of this difference. The local
concentration of NEt,, which has a donor number (DN)?!
of 61 compared to 14.1 for the solvent MeCN, would be
higher around the ruthenium(i) complex than around the
rhenium(1) complex. In fact, using the more basic solvent
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Figure 5. Reaction of 1b (-e-) with NEt; (0.2m); yields of 3b (-o-) and
BNAH (-A-) based on 1b used.

ORe(bpy)(CO);
HfﬁH/CONHZRe(bpy)(CO)ﬂJ' kK H_H C‘-NH
| +NEt, =——= - + HNEt,"
CH,Ph N
2 CH,Ph
1b 26

H H
CONH,
f/T + [Re(bpyXCO):(X)T
N

([:Hz Ph X = NEt; or solvent

BNAH

Scheme 1. Reaction of 1b in the presence of NEt,.

DMF (DN =26.6) instead of MeCN caused K between 1b
and 3b in the presence of 0.2m NEt; to decrease to 2x 107,

Finally, it is noteworthy that the hydride transfer from 3a
to the NAD(P) models is also interesting as a model of
“transhydrogenation” reactions between NAD and NADH
by the enzyme transhydrogenase.” Only the 1,4-dihydro-
form of the NAD(P)H models is produced by 3a as de-
scribed above,®'! and this is the same product distribution as
the enzymic reaction, whereas most other reported transhy-
drogenation reactions between NAD and NADH models
give the 1,6- and/or 1,2-dihydro form as byproduct(s).*?

Conclusion

Acidity of the carbamoyl group on the BNAH increases
dramatically by coordination to the ruthenium(1) or rheniu-
m(1) complex. Addition of base ((pK,)w >8.9) gives relative-
ly stable deprotonated BNAH coordinating to the metal
complex. These deprotonated BNAH-Ru" and —Re' com-
plexes have much stronger hydride-donating abilities and
are oxidized at more negative potentials than “free” BNAH.
The 1:1 adduct of the NAD(P) model and the ruthenium
complex has been isolated for the first time and its structure
successfully determined by X-ray crystallographic analysis.
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Experimental Section

General procedures: '"H NMR spectra were recorded on a Bruker ARX-
400 NMR spectrometer (400 MHz) at 25°C. Infrared absorption spectra
were recorded by JASCO FT/IR-610 spectrometers with a MCT detector
at ambient temperature. Electrospray ionization mass (ESI MS) spectra
were obtained by using a Mariner mass spectrometer (Applied Biosys-
tems) with a 100 V nozzle potential. Cyclic voltammetry was carried out
in an acetonitrile containing tetraethylammonium tetrafluoroborate
(0.1m) as a supporting electrolyte, using an ALS/CHI CHI-620 electro-
chemical analyzer with a carbon working electrode (3 mm diameter), a
Ag/AgNO; (0.01m) reference electrode, and a Pt counter electrode. A
BAS C2 cell stand and a platinum (10 um diameter) working electrode
were used for rapid-scan cyclic voltammetry.

Materials: Acetonitrile was distilled over P,Os three times and over
CaH, immediately before use. Dimethylformamide (DMF) was dried
over molecular sieves 4 A and distilled at reduced pressure (~20 Torr)
before use. The compound RuCl;-3H,0 was kindly supplied by Kojima
Chemical Co. The hydrido complexes: [Ru(tpy)(bpy)H](PF4)-0.5 H,0,>
and [Re(bpy)(CO);H],* the PF; salt of the NAD(P) model compounds:
BNA* B BEt,NA* 2143 BAcPy™* 1*dl and the corresponding 1,4-dihy-
droforms: 1,4-BNAH, 1,4-BEt,NAH,****! and 1,4-BAcPyH?"¥ were
prepared according to the literature methods.

In situ preparation of 1a-d: A solution of an NAD(P) model (8.0mwm) in
CD;CN (0.5mL) was added to a solution (0.5 mL) a hydrido complex
(8.0mm) in CD;CN (0.5mL) in an NMR tube under an argon atmos-
phere. After purging with argon for 1 min, the NMR tube was sealed.
'"HNMR and ESI MS data of [Ru(tpy)(bpy)(BNAH)]>* (1a), [Re-
(bpy)(CO);(BNAH)]* (1b), [Ru(tpy)(bpy)(BAcPyH)"* (1¢), and [Ru-
(tpy)(bpy)(BEt,NAH)]** (1d) are reported in the Supporting Informa-
tion of reference [21] (http://pubs.acs.org.).

[Ru(tpy) (bpy)(BNAT—H™)](PF;), (2a): A hexafluorophosphate salt of
BNA* (60 pmol) was added to a solution of [Ru(tpy)(bpy)H]-
(PF()-0.5H,0 (30 umol) and NEt; (0.2M) in acetonitrile (2.0 mL). The so-
lution was kept under dim light for 20 min at ambient temperature, then
evaporated under reduced pressure at ambient temperature. The black
precipitates were collected by filtration, washed twice with diethyl ether,
and purified by column chromatography on aluminum oxide (Merck,
eluent toluene/CH;CN 2:1). The main dark purple band was collected,
and the solvent was removed using a rotary evaporator. The brown
powder was recrystallized using CH;CN/diethyl ether, then in vacuo; the
typical yield was 75%. '"HNMR (400 MHz, CD;CN): 6=9.57 (d, J=
5.2 Hz, 1H), 8.78 (s, 1H), 8.59 (d, /=8.0 Hz, 1H), 8.49 (d, J=6.0 Hz,
1H), 8.41 (d, /=8.0, Hz, 1H), 8.34 (t, /=82 Hz, 2H), 8.30 (d, /=8.4 Hz,
2H), 8.22 (t, J=8.0Hz, 1H), 8.02 (t, J=8.0 Hz, 1H), 7.84 (t, J=8.0 Hz,
1H), 7.84 (t, /=82 Hz, 5H), 7.79 (d, J=0.4 Hz, 2H) 7.77 (d, J=5.4 Hz,
1H), 7.68 (t, J=5.5Hz, 1H), 7.39 (m, 3H), 7.29 (m, 2H), 721 (t, J=
7.0Hz, 2H), 7.16 (d, J=5.0Hz, 1H), 6.85 (t, /J=5.0 Hz, 1H), 5.56 (s,
2H), 4.69ppm (s, 1H); elemental analysis caled (%) for
CyH3,F,N;OP,Ru: C 4593, H 3.25, O 9.87; found: C 45.86, H 3.23, O
9.50.

Crystal structure determination: A single dark-red crystal of the PF,~ salt
of 2a was obtained by slow diffusion of diethyl ether into a solution of
the complex in acetonitrile. Diffraction data was collected on a Rigaku
RAPID imaging-plate diffractometer with graphite-monochromated
Moy, radiation (A=0.71073 A) with a crystal of size 0.25x0.10x0.01 mm
at 293 K. The intensity data were corrected for Lorentz and polarization
effects. Absorption correction® was applied. The structure was solved
by the direct method using the TEXSAN program,”*” and was refined on
F by using full-matrix least-square procedures implemented in the
SHELXL-97 program.® No secondary extinction corrections were ap-
plied. In the least-square refinements, all non-hydrogen atoms were re-
fined with anisotropic displacement parameters. PF,~ appeared to be dis-
ordered, but we did not succeed in separating the disordered structures.
There are no peaks beyond 0.33 A~ except for those around PF;~. The
crystallographic data are as follows: [Ru(tpy)(bpy)(BNA*-H*)|(PFy),],
M,=962.75, monoclinic, P2,/c, a=14.281(18), b=26.02(3), c=
11.678(10) A, B=110.48(5)°, V=4069(7) A®, Z=4, peq=1.572 gcm 3, F-
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(000)=1936, T=298 K, R=0.044 for 6855 reflections [I>20(I)], R=
0.061 for all data.

CCDC-255988 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Reaction of an BEt,NA™ with 1d in the presence of piperidine: PF,~
salts of BAcPy* (32 pmol) were added to a solution of [Ru(tpy)(bpy)H]*™
(PF;") (32 umol) in acetonitrile (2 mL), to give a 1:1 adduct 1d within
1 min. This solution was added to a solution of piperidine (0.2 final con-
centration) and PF,~ salts of BEt;NA™ (120 umol) in acetonitrile under
an Ar atmosphere. The solution was kept at room temperature for 1 h,
and 1,4-BAcPyH was formed quantitatively; however, reduction products
of BEt,NA™ were not detected at all.

Determination of the equilibrium constants between 1 and 3: Both PF;~
salts of BNA* (8.0mm) and hydrido complex (8.0mm) were dissolved in
CD;CN (0.5mL), and the solution was quickly added to a solution of
amine (0.2Mm final concentration) in CD;CN (0.5 mL). These procedures
were carried out in an NMR tube under an argon atmosphere. The reac-
tion was monitored by using "H NMR spectroscopy. After equilibria be-
tween 1a and 3a, and 1b and 3b were achieved, the ratio of concentra-
tion was determined from the area average of the 'H NMR peaks at 6 =
6.15 and 4.68 ppm (1a); 0=6.24 and 4.36 ppm (3a); 6=6.06 and
4.73 ppm (1b); and 6=6.48 and 4.36 ppm (3b). These data and Equation
(4) were used for determination of the equilibrium constants.
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