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1. Infrared spectra of [Cn*RuH(H,),|(PFs) (2b-PF¢) and its isotopomers.
To identify absorption bands, infrared spectra of complex 2b-PF¢ and partly deuterated 2b-PF¢ were
recorded. (SFigure 1) The deuteration of 2b-PF¢ was carried out by methanol-ds and deuteration levels

were confirmed by 'H NMR spectroscopy.

(a)

(c)

VRu-D
1407
. (calc.1389)

4000 3600 3200 2800 2400 2000 1600 1200 800 400

[em-1]

SFigure 1. Infrared spectra (KBr) of 2b-PFg at various deuteration levels:

(a) not deuterated; (b) 60% deuterated; (c) 80% deuterated.



2. T1 measurements of complexes 2a-BPhy, 2b-PF; and 2b-BPh,.

T measurements of 2a-BPhy, 2b-PF and 2b-BPhy were performed by the inversion recovery
method. Measurements of 2a-BPhy and 2b-PF¢ were performed in THF-ds / toluene-dg = 5 / 1 mixed
solvent and 77 minima were 42 and 18 ms at —115 °C. Because of low solubility to the mixed solvent,

measurement of 2b-BPhy were performed in THF-ds and 77 minimum was 34 ms at —100 °C (SFigure

2).
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SFigure 2. 7} measurements of complex 2a-BPhy, 2b-PF¢_and 2b-BPh,.



3. "H NMR spectrum of complex 4-PFs.
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"H NMR spectrum of 4-PF in acetone-ds at ambient temperature:

* TMS peak; ** solvent peak.



4. ESI-MS spectra of 3-BF4 and 4-PFg.
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SFigure 4. ESI-MS spectrum of 3-BF4:

(a) observed spectrum; (b) simulation of [C,4HgsN,Rus + (BF4)3]+.
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SFigure 5. ESI-MS spectrum of 4-PFg:

(a) observed spectrum; (b) simulation of [CisH4sNgRu, + PF¢]".



5. Density Functional Theory (DFT) calculations for the structures and natural charges of
[CnRuH(H,),]" (2a") and [Cn*RuH(H,),]" 2b").

Density functional theory (DFT) calculations were carried out at the B3PW91 level' in conjunction
with the Stuttgart/Dresden ECP" and associated with triple- SDD basis sets for Ru. For N and H, 6-
311G(d,p) basis sets were employed, and for C, 6-31G(d) was done. All calculations were performed by
utilizing the Gaussian03 program.™ Molecular structures were drawn by using the GaussView version
4.1.2 program.” Frequency calculations at the same level of theory as geometry optimizations were
performed on optimized structures to ensure that minima exhibit only positive frequency.

The optimized structures were reproduced the geometry, which was characterized by X-ray
diffraction studies’. Selected bond lengths (A) and angles (deg) shown in STable 1 and STable 2
correspond well with those of crystal structures. Natural population analysesVi at the same level of
theory were performed on optimized structures. The optimized structures and natural charges displayed

in SFigure 6.
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SFigure 6. Optimized structures of 2a" (left) and 2b" (right).

Hydrogens on carbons are omitted for clarity.

Natural charges are underlined (Values of methyl groups are total charges of carbon and bonding hydrogens).

STable 1. Selected bond lengths (A) and angles (deg) of 2a*

Ru(1)-N(1) 2.1576 N(1)-H(6) 1.0147 N(3)-H(8) 1.0135
Ru(1)-N(2) 2.1514 N(1)-C(6) 1.4945 N(3)-C(4) 1.4886
Ru(1)-N(3) 2.2452 N(1)-C(1) 1.4876 N(3)-C(5) 1.4810
Ru(1)-H(1) 1.5933 Ru(1)-H(5) 1.6635 H(2)-H(3) 0.9470
Ru(1)-H(2) 1.6415 H(1)-H(2) 1.8270 H(3)-H(5) 2.1957
Ru(1)-H(3) 1.6625 H(1)-H(4) 1.8293 H(4)-H(5) 0.9455
Ru(1)-H(4) 1.6418

N(1)-Ru(1)-N(2) 80.27 H(6)-N(1)-Ru(1) 108.55 H(8)-N(3)-Ru(1) 109.42
N(1)-Ru(1)-N(3) 78.80 C(6)-N(1)-Ru(1) 113.08 C(4)-N(3)-Ru(1) 110.71
N(2)-Ru(1)-N(3) 78.67 C(1)-N(1)-Ru(1) 104.96 C(5)-N(3)-Ru(1) 104.97
H(1)-Ru(1)-N(3) 165.58 H(3)-Ru(1)-N(1) 167.94 H(5)-Ru(1)-N(2) 167.01
H(2)-Ru(1)-N(1) 158.02 H(4)-Ru(1)-N(2) 159.25

STable 2. Selected bond lengths (A) and angles (deg) of 2b"

Ru(1)-N(1) 2.1688 N(1)-C(7) 1.4824 N(3)-C(9) 1.4790
Ru(1)-N(2) 2.1670 N(1)-C(6) 1.4999 N(3)-C(4) 1.4934
Ru(1)-N(3) 2.2626 N(1)-C(1) 1.4906 N(3)-C(5) 1.4841
Ru(1)-H(1) 1.5943 Ru(1)-H(5) 1.6673 H(2)-H(3) 0.9360
Ru(1)-H(2) 1.6443 H(1)-H(2) 1.8348 H(3)-H(5) 2.2111
Ru(1)-H(3) 1.6678 H(1)-H(4) 1.8300 H(4)-H(5) 0.9375
Ru(1)-H(4) 1.6433

N(1)-Ru(1)-N(2) 82.44 C(7)-N(1)-Ru(1) 113.53 C(9)-N(3)-Ru(1) 114.77
N(1)-Ru(1)-N(3) 80.95 C(6)-N(1)-Ru(1) 110.58 C(4)-N(3)-Ru(1) 108.33
N(2)-Ru(1)-N(3) 80.72 C(1)-N(1)-Ru(1) 102.84 C(5)-N(3)-Ru(1) 102.66
H(1)-Ru(1)-N(3) 167.59 H(3)-Ru(1)-N(1) 168.95 H(5)-Ru(1)-N(2) 167.68
H(2)-Ru(1)-N(1) 157.83 H(4)-Ru(1)-N(2) 159.24




STable 3. Coordination of 2a*
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STable 4. Coordination of 2b"
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6. Density Functional Theory (DFT) calculation for the structure of [(CnRu)4(y-H)6(/13-H)2]4+ (34+).

Density functional theory (DFT) calculations were carried out at the B3PW91 level' in conjunction
with the Stuttgart/Dresden ECP" and associated with triple-C SDD basis sets for Ru. For N and H, 6-
311G(d,p) basis sets were employed, and for C, 6-31G(d) was done. All calculations were performed by
utilizing the Gaussian03 program.” The molecular structure was drawn by using the GaussView version
4.1.2 program.” Frequency calculations at the same level of theory as geometry optimizations were
performed on optimized structure to ensure that minima exhibit only positive frequency. Calculations
for three initial structures [(CnRu)4(,u—H)6(yg—H)z]4+ (3A), [(CnRu)4(,u—H)5(,u3—H)3]4+ (3B) and
[(CnRu)4(z-H)s(15-H)4]* (3C) (SFigure 7) converged to the same optimized structure displayed in

SFigure 8. Selected bond lengths (A) and angles (deg) are shown in STable 5.

SFigure 7. Initial structures of 3*"; 3A (left), 3B (middle) and 3C (right). Cn ligands are omitted for
clarity. These structures afforded the same optimized structure shown in Sfigure 3.

SFigure 8. Optimized structures of 3*" (left), hydrogens on carbons and hydrido ligands are omitted for
clarity, and Ruy core of 3*" (right).
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STable 5. Selected bond lengths (A) and angles (deg) of 3*

Ru(1)-Ru(2) 2.9915 Ru(1)-N(1) 2.1651 Ru(3)-N(7) 2.1874
Ru(1)-Ru(3) 3.0153 Ru(1)-N(2) 2.1663 Ru(3)-N(8) 2.1669
Ru(1)-Ru(4) 3.0204 Ru(1)-N(3) 2.1641 Ru(3)-N(9) 2.1717
Ru(2)-Ru(3) 3.0175 Ru(2)-N(4) 2.1678 Ru(4)-N(10) 2.1687
Ru(2)-Ru(4) 3.0176 Ru(2)-N(5) 2.1647 Ru(4)-N(11) 2.1723
Ru(3)-Ru(4) 3.0802 Ru(2)-N(6) 2.1663 Ru(4)-N(12) 2.1848
H(3)-H(7) 17742 H(2)-H(7) 17176 H(4)-H(8) 1.7210
H(3)-H(8) 17749 H(6)-H(7) 17272 H(5)-H(8) 1.7216
Ru(3)-Ru(1)-Ru(2) 60.31 Ru(1)-Ru(3)-Ru(2) 59.46 Ru(3)-Ru(4)-Ru(1) 59.23
Ru(3)-Ru(1)-Ru(4) 61.37 Ru(3)-Ru(2)-Ru(1) 60.24 Ru(2)-Ru(4)-Ru(1) 59.40
Ru(2)-Ru(1)-Ru(4) 60.25 Ru(3)-Ru(2)-Ru(4) 61.38 N(1)-Ru(1)-N(2) 78.87
Ru(4)-Ru(3)-Ru(1) 59.40 Ru(1)-Ru(2)-Ru(4) 59.40 N(2)-Ru(1)-N(3) 79.09
Ru(4)-Ru(3)-Ru(2) 59.31 Ru(3)-Ru(4)-Ru(2) 59.31 N(3)-Ru(1)-N(1) 78.88
STable 6. Coordination of 3**
1 44 0 2424166 -0.006429 5.015628
2 7 0 3.893085 1.376267 4.229474
3 7 0 3.895391 -0.010599 6.605720
4 7 0 3.895021 -1.373833 4.209399
5 1 0 3427030 2.074109 3.660291
6 1 0 3442422 0.131802 7.501836
7 1 0 3.444048 -2.223447 3.888025
8 6 0 4.494990 2.083714 5.392409
9 6 0 4925513 1.070208 6.439846
10 6 0 4.507087 -1.368428 6.628651
11 6 0 4.933942 -1.762312 5.222908
12 6 0 4.487732 -0.714343 3.013900
13 6 0 4922103 0.696971 3.373228
14 1 0 3.729055 2.751003 5.792226
15 1 0 5.350539 2.697928 5.086757
16 1 0 5.111868 1.569084 7.394683
17 1 0 5.871492 0.603800 6.156148
18 1 0 3.748799 -2.056090 7.008802
19 1 0 5.367360 -1.408722 7.307643
20 1 0 5.131027 -2.836705 5.175134
21 1 0 5.874088 -1.273886 4.957730
22 1 0 3.712774 -0.695072 2.245039
23 1 0 5.339321 -1.284291 2.623279
24 1 0 5.106716 1.278809 2.466145
25 1 0 5.868692 0.682627 3.917645
26 44 0 -0.010215 -1.519418 5.872292
27 7 0 0.264226 -2.269829 7.884175
28 7 0 -1.990529 -2.282143 6.307311
29 7 0 0.260897 -3.635409 5.486799
30 1 0 0.960939 -1.719179 8.373997
31 1 0 -2.680950 -1.575786 6.078088
32 1 0 0.709837 -3.772854 4.587885
33 6 0 -1.029580 -2.072862 8.594288
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3.720606
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4.282077
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2.507658
2.190285
3.657542
-0.026930
1.341847
-1.421092
-0.044738
2.192261
-2.120964
-0.193625
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1.352870
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-1.156353
1.304077
-0.984588
0.100583

1.820145
0.946268
1.079328
-0.317888
-0.152027
-0.371230
2.284808
0.518954
1.488005
0.365224
2.667952
1.241568
0.750978
-0.030736
5.812371
5.508474
3.455274
6.375642
4.319041
4.265204
4.298436
6.212982
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7. Density Functional Theory (DFT) calculation for the structure of [(Cn*Ru)z(,u-H)3]2+ (42+).
Density functional theory (DFT) calculations were carried out at the B3PW91 level' in conjunction
with the Stuttgart/Dresden ECP" and associated with triple-C SDD basis sets for Ru. For N and H, 6-
311G(d,p) basis sets were employed, and for C, 6-31G(d) was done. All calculations were performed by
utilizing the Gaussian03 program.” The molecular structure was drawn by using the GaussView version
4.1.2 program.” Frequency calculations at the same level of theory as geometry optimizations were
performed on optimized structure to ensure that minima exhibit only positive frequency. Two initial
structures [(Cn”‘Ru)z(,u—H)g]2+ (4A) and [(Cn*Ru)z(,u—H)s]2+ (4B) (SFigure 9) were optimized and only
4A reproduced the molecular structure of 4-BPhy as shown in Sfigure 10. Selected bond lengths (A) and

angles (°) are shown in STable 7.

SFigure 9. Initial structures of 4**; 4A (left) and 4B (right). Hydrogen atoms on Cn ligands are omitted
for clarity. Calculations for 4A afforded optimized structure shown in SFigure 5. Calculations for 4B did
not converge and optimized structure was not obtained.

SFigure 10. Optimized structure of 4**. Hydrogen atoms on carbons are omitted for clarity.
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STable 7. Selected bond lengths (A) and angles (°) of 4**

Ru(1)-Ru(2) 24001 Ru(1)-NQG) 21633 Ru2)NG) 2.1633
Ru(1)-N(1) 21621  Ru(2)-N(4) 21659  Ru(2)-N(6) 2.1621
Ru(1)-N(2) 2.1659
Ru(1)-H(1) 17965  Ru(1)-H(3) 17948  Ru(2)-H(2) 17948
Ru(1)-H(2) 17968  Ru(2)-H(1) 17965 Ru(2)-H(3) 17968
N(1)-Ru(1)-N(2) 81.26 N(2)-Ru(1)-N(3) 81.37 N(2)-Ru(1)-Ru(2) 131.27
N(1)-Ru(1)-N(3) 81.22 N(3)-Ru(1)-Ru(2) 131.24 N(1)-Ru(1)-Ru(2) 131.19
N(1)-Ru(1)-H(2) 17894 N(3)-Ru(1)-H(1) 179.06  Ru(1)-H(2)-Ru(2) 83.86
N(2)-Ru(1)-H(3) 17889  Ru(1)-H(1)-Ru(2) 83.83 Ru(1)-H(3)-Ru(2) 83.86
STable 8. Coordination of 4**

1 44 0 -0.010041 0.001460 4.999039

2 44 0 2.390042 -0.001460 4.999039

3 7 0 -1.435953 0.027943 3.372394

4 6 0 -0.778017 -0.178195 2.062850

5 6 0 -2.484468 -1.027997 3.579354

6 6 0 -2.024190 1.395820 3.418402

7 1 0 -0.361967 -1.185316 2.023388

8 1 0 0.028849 0.545174 1.949732

9 1 0 -1.499424 -0.053282 1.245782

10 1 0 -2.720192 -1.510854 2.626319

11 1 0 -3.408388 -0.550257 3.911046

12 1 0 -1.238757 2.084673 3.098409

13 1 0 -2.860100 1.487677 2.710982

14 7 0 -1.435592 -1.420677 5.786366

15 6 0 -0.774012 -2.443304 6.626565

16 6 0 -2.488491 -0.713494 6.591511

17 6 0 -2.021567 -2.070967 4.581367

18 1 0 -0.352030 -1.964534 7.510946

19 1 0 0.029937 -2.908198 6.056934

20 1 0 -1.493228 -3.210752 6.938491

21 1 0 -2.735406 -1.299706 7.481809

22 1 0 -3.406111 -0.657749 6.003031

23 1 0 -1.236646 -2.695081 4.147292

24 1 0 -2.857429 -2.728486 4.858243

25 7 0 -1.436909 1.396939 5.840438%

26 6 0 -0.781667 2.635980 6.315041

27 6 0 -2.486647 1.740998 4.822541

28 6 0 -2.023369 0.671835 7.001820

29 1 0 -0.354621 3.166406 5.463413

30 1 0 0.016575 2.376889 7.010279

31 1 0 -1.507541 3.286226 6.819061

32 1 0 -2.725773 2.807234 4.879079

33 1 0 -3.408712 1.212837 5.072375

34 1 0 -1.237007 0.600626 7.757157

35 1 0 -2.857750 1.238805 7.437611

36 7 0 3.815954 -0.027943 3.372393

37 6 0 3.158016 0.178195 2.062850
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4.864469
4.404190
2.741966
2351151
3.879422
5.100192
5.788389
3.618757
5.240100
3.815593
3.154011
4.868491
4.401567
2.732030
2.350062
3.873227
5.115407
5.786111
3.616645
5.237428
3.816910
3.161667
4.866648
4.403369
2.734620
2.363424
3.887539
5.105773
5.788713
3.617007
5.237749
1.190000
1.187133
1.192867

1.027998
-1.395820
1.185316
-0.545174
0.053282
1.510854
0.550258
-2.084672
-1.487678
1.420677
2.443304
0.713494
2.070968
1.964533
2.908197
3.210752
1.299706
0.657750
2.695080
2.728487
-1.396940
-2.635980
-1.740998
-0.671835
-3.166405
-2.376888
-3.286226
-2.807234
-1.212838
-0.600626
-1.238805
0.000000
-1.158103
1.158103

3.579353
3.418402
2.023389
1.949733
1.245782
2.626318
3.911045
3.098410
2.710982
5.786366
6.626565
6.591511
4.581367
7.510946
6.056933
6.938491
7.481809
6.003032
4.147292
4.858242
5.840438
6.315040
4.822541
7.001820
5.463412
7.010278
6.819061
4.879078
5.072375
7.757156
7.437612
6.335875
4.333000
4.333000
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8. X-ray diffraction studies.

Crystals suitable for X-ray analyses of 2a-BPh4, 3-BFs and 4-BPhsy were obtained from the
preparations described above and mounted on nylon Cryoloops with Paratone-N (Hampton Research
Corp.). The X-ray diffraction experiments on 2a-BPhy, 3-BF4 and 4-BPh4 were carried out using a
Rigaku R-AXIS RAPID imaging plate diffractometer with a graphite-monochromated Mo Ka radiation
source (4 = 0.71069 A). Cell refinement and data reduction were carried out using the PROCESS-
AUTO programVii. The intensity data were corrected for Lorentz-polarization effects and empirical
absorption. The structures of 2a-BPhy, 3-BF4 and 4-BPh4 were determined by direct methods using the
SHELX-97 program'". All non-hydrogen atoms were found by a difference Fourier synthesis. The
refinement was carried out by the least-squares methods based on F* with all measured reflection data.
Non-hydrogen atoms except one BF4 anion and acetone included in 3-BF4 were refined anisotropically.
The hydrogen atoms except those bounded to metals were included in calculated positions and refined
by using a riding model. The metal-bound hydrogen atoms of 3-BF, and 4-BPhs were located on
difference Fourier maps and refined isotropically. Details of crystal data and results of analyses are

listed in STable 9.

I PROCESS-AUTO, Automatic Data Acquisition and Processing Package for Imaging Plate Diffractometer;
Rigaku Corporation: TokyoJapan, 1998.

Vil Sheldrick, G. M. SHELX-97, Program for Crystal Structure Determination; University of Gottingen:
Gottingen, Germany, 1997.
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STable 9. Crystallographic Data of 2a-BPh,, 3-BF, and 4-BPh,

2a-BPhy 3-BF, 4-BPh,
empirical formula C;0H40BNsRu, CyHgsB4FsN1,Ruy (C3HgO1) 5 CesHgsBaNgRu,
fw 554.53 1363.54 1186.16
cryst description needle platelet platelet
cryst color colorless red purple

cryst size (mm)
crystallizing solution
cryst syst

space group

a(A)

b(A)

c(A)

/ (deg)

volume (A%)

Z value

Deyic (g/em’)
measurement temp. (°C)
1 (Mo Ka) (mm™")
diffractometer
radiation
monochrometer

2 Onax (deg)

reflns collected
indep reflns

reflns obsd (> 20)
abs. correction type
abs. transmn

Ry (I>20(D)

WwR, (I > 20(1))

R, (all data)

wR; (all data)

data / restraints / params
goodness of fit on F*

largest diff peak and hole (e A™)

0.71 x 0.09 x 0.07
acetonitrile (— 30 °C)
monoclinic

P2, (#4)

9.7101(16)
10.2653(19)
13.582(2)

92.650(5)

1352.3(4)

2

1.362

-120

0.603

Rigaku R-AXIS RAPID
Mo Ka (A = 0.71069 A)
graphite

55

10212

3199 (R = 0.0478)
5120

empirical

0.5334 (min.),
1.0000 (max.)
0.0467

0.1157

0.0566

0.1290

5808 /1/316

1.119

1.396 and -1.049

0.46 x 0.30 x 0.06
acetone (25 °C)
monoclinic

P2\/n (# 14)
11.9546(5)
21.0770(8)
20.2021(8)
93.9900(13)
5077.9(4)

4

1.784

—-100

1.266

Rigaku R-AXIS RAPID
Mo Ka (A = 0.71069 A)
graphite

55

38215

11701 (R, = 0.0523)
9638

empirical

0.7250 (min.),
1.0000 (max.)
0.0488

0.1303

0.0578

0.1376

11360 /6 /588

1.038

1.591 and -1.463

0.41 x0.13 x 0.03
DMSO/Et,0 (25 °C)
monoclinic

P2y/n (#14)
12.6657(3)
35.4433(8)
12.9853(3)
90.1310(7)
5829.3(2)

4

1.352

-100

0.564

Rigaku R-AXIS RAPID
Mo Ka (A =0.71069 A)
graphite

60

68655

17203 (R, =0.0246)
14504

empirical

0.7164 (min.),
1.0000 (max.)
0.0343

0.0871

0.0422

0.0927

16866 /0 /699
1.037

3.102 and -0.768
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SFigure 11. ORTEP drawing of 2a-BPhy
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SFigure 12. ORTEP drawing of 3-BF4
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SFigure 13. ORTEP drawing of 4-BPhy
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