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VT-NMR Study
A total line shape analysis of the spectra acquired at different temperatures was carried out using the
DNMR tool of TopSpin.[! The rate constants of the chemical exchange process k were determined
by a simplex iteration, fitting the simulated to the experimental spectra. A plot of the linearized

Eyring allowed calculating enthalpy AH and entropy AS of activation from the linear fit of the data.
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Fig. S1 Eyring plot of the rate constants of the chemical exchange process taking place in 1.



The bromide derivative 1-Br is endowed with dynamic behavior at room temperature as the chloride
analogue 1, showing a broad doublet around 261 ppm (w' = 255 Hz, 1J = 387 Hz), attributed to the
two bromine-substituted phosphorus atoms and a very broad singlet around -58 ppm (w2 = 1300 Hz)

whose resonance concurs with the other two phosphorus atoms, see Figure S2. Besides, a triplet at 40

ppm (?Jpp = 37.0 Hz) corresponds to PCy;. At —40 °C, the fine structure of the spectrum is well
resolved into an ABMXY spin system. At 0 °C P1 and P4 go through coalescence, whereas P2 and
P3 coalesce into a broad bump at about 20 °C. Unfortunately, both signals disappear at higher
temperature, showing only an uninformative singlet at 32 ppm, indicating the decomposition of 1-Br.
The latter is more air and moisture sensitive than 1 and its synthesis and manipulation requested
strictly anhydrous and oxygen-free conditions, thus the less stability prevented us to obtain suitable

crystals for X-ray diffraction.
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Fig. S2 3'P{'H} VT NMR spectra of 1-Br (121 MHz, THF-dy)



X-ray diffraction studies

Fig. S3 XRD electron density plot of 3 in the P, plane at 100 K (left) and 300 K (right). Each plot

displays 15 contour lines displayed from 0 to max. distance 1 e (100 K), 0.75 e (300 K).

Table S1 Crystal data and structure refinement details.

Compound 1 2

Empirical formula C42H72C1202P5R112 C42H73C15G302P5RU2
Formula weight 1036.88 1213.96
Temperature/K 296.15 106.5(6)

Crystal system triclinic Monoclinic

Space group P-1 P2i/n

alA 12.7474(2) 9.5596(3)

b/A 13.3991(2) 32.7266(13)

c/A 14.5781(3) 16.3335(5)

a/° 70.6590(10) 90

p/° 79.0950(10) 94.033(3)

v/° 88.9330(10) 90

Volume/A3 2304.44(7) 5097.3(3)

4 2 4

Pealcg/cm? 1.494 1.582

wmm! 0.979 1.563

F(000) 1074.0 2480.0

Crystal size/mm? 0.15 x0.08 x 0.08 0.07 x 0.03 x 0.02
Radiation MoKa (A=10.71073) MoKa (A=10.71073)

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

3.018 to 61.012
-18<h<18,-18<k<19,-20<1<20
60966

14013 [Rip = 0.0237, Ryigma = 0.0227]
14013/30/586

1.055

R; =0.0268, wR, = 0.0665

R; =0.0332, wR, =0.0710

1.59/-0.69

5.572t0 52.744
-11<h<11,-40<k<40,-19<1<20
24113

10407 [Rin = 0.0651, Ryigma = 0.1060]
10407/0/526

0.991

R; =0.0519, wR, = 0.0900

R; =0.0974, wR, = 0.1054

0.90/-0.62




Compound 3 4

Empirical formula C,oH30P4Ru, CesH11,0,PgRuy
Formula weight 596.46 1565.57
Temperature/K 105(1) 104(2)

Crystal system tetragonal Triclinic

Space group P4,bc P-1

a/A 22.8500(5) 11.9212(3)

b/A 22.8500(5) 12.4576(3)

c/A 8.9379(3) 13.0288(3)

o/° 90 112.290(2)

/e 90 107.073(2)

v/° 90 90.803(2)
Volume/A3 4666.7(3) 1694.14(8)

4 8 1

Pealcg/cm? 1.698 1.535

wmm-! 1.572 1.104

F(000) 2384.0 808.0

Crystal size/mm? 0.22 x 0.06 x 0.04 0.1 x0.08 x 0.06
Radiation MoKa (A =10.71073) MoKa (A =10.71073)

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Flack parameter

5.638 to 61.008
32<h<32,-26<k<32,-12<1<12
36044

7101 [Riy = 0.0671, Ry = 0.0534]
7101/1/245

1.031

R, = 0.0354, wR; = 0.0599

R, = 0.0474, wR; = 0.0640

0.78/-0.69

-0.05(2)

5.744 to 56.564
-15<h<15,-16<k<16,-17<1<17
22671

8394 [Riy = 0.0338, Ryjgma = 0.0440]
8394/0/364

1.035

R, =0.0339, wR, = 0.0719

R, =0.0465, wR, = 0.0766

1.89/-1.19

The Cp* ring on ruthenium 2 in compound 1 shows a positional disorder distributed on 3 sites.
Refinement was achieved by splitting the ring into 3 parts, constraining the isotropic or anisotropic
displacement of the carbon atoms belonging to the Cp* and restraining the distances between the

carbon atoms in Cp* to be equal.

BADER ANALYSIS, NPA Calculations

All calculations were performed with the Gaussian09 [2] package at the BP86/cc-pVDZ(-PP) level.
All the structures have been fully optimized and then the second derivative matrices have been
calculated to prove the nature of the stationary point found. The NPA charges and Wiberg bond
indices were obtained with NBO 3.10 [3] implemented in Gaussian09. For the Bader analysis [4] the
code AIM2000 [5] has been used on wave-functions obtained with second order DKH correction [6]
implemented in Gaussian09. For these calculations, the BP86 functional and the following basis set
was used: cc-pVDZ for lighter atoms and a contracted double zeta all electron basis for Ru see

https://bse.pnl.gov/bse/portal.
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Fig. S4. Bader analysis of the Ru—P4 adduct 3 using a simplified geometry with Cp instead of Cp*
ligands.



XYZ coordinates
Compound 1
ININGINC-A9037\SP\RBP86\GenECP\C13H19CI2P5Ru2\BENKOEZ\09-Dec-2014\0\\#
bp86 genecp pop=Nboread\\L SnPSiH32\\0,1\C\C,1,1.441549\C,2,1.44998,1
,108.338\C,3,1.449588,2,106.984,1,-1.813,0\C,4,1.44139,3,108.352,2,1.8
07,0\Ru,2,2.213294,3,70.119,4,63.16,0\P,6,2.518591,2,156.328,3,-136.22
3,0\P,7,2.21495,6,63.862,2,-69.741,0\P,8,2.224332,7,94.837,6,-51.981,0
\C1,9,2.162035,8,103.985,7,171.456,0\P,6,2.349209,2,149.316,3,37.957,0
\C1,11,2.162429,6,118.822,2,-83.627,0\Ru,11,2.321567,6,107.331,2,57.99
7,0\P,13,2.330012,11,98.544,6,120.995,0\C,14,1.852923,13,122.459,11,-3
7.895,0\C,13,2.257452,14,148.889,15,-150.3,0\C,16,1.428404,13,71.487,1
4,-115.271,0\C,17,1.449919,16,108.513,13,62.546,0\C,18,1.440113,17,107
.035,16,0.624,0\C,19,1.435527,18,109.013,17,-1.17,0\C,14,1.86218,13,11
3.381,16,88.164,0\C,14,1.862512,13,113.633,16,-28.39,0\H,15,1.109499,1
4,109.956,13,-179.807,0\H, 15,1.107484,14,109.597,13,59.279,0\H,15,1.10
7566,14,109.562,13,-58.931,0\H,21,1.108305,14,108.52,13,65.248,0\H,21,
1.107617,14,109.684,13,-52.754,0\H,21,1.110085,14,111.464,13,-174.076,
0\H,22,1.108301,14,108.464,13,-63.721,0\H,22,1.110214,14,111.569,13,17
5.543,0\H,22,1.107874,14,109.691,13,54.179,0\H,18,1.095415,17,126.204,
16,177.129,0\H,19,1.097342,18,125.563,17,178.359,0\H,20,1.095523,16,12
6.165,17,-178.25,0\H,16,1.096143,17,126.114,18,-179.747,0\H,17,1.09655
7,16,125.997,20,-179.789,0\H,3,1.095702,6,125.346,11,-37.708,0\H,4,1.0
96768,6,122.72,11,10.452,0\H,5,1.096292,6,124.015,11,56.185,0\H,1,1.09
6274,6,124.042,11,115.37,0\H,2,1.09673,6,122.749,11,-82.786,0\\Version
=AM64L-G09RevA.02\State=1-A\HF=-3324.0162276\RMSD=5.333e-09\Dipole=0.3
793654,-1.1235443,1.1999421\Quadrupole=-11.4666233,14.8704292,-3.40380

59,-1.005088,2.9838222,-4.5021623\PG=C01 [X(C13H19CI2P5Ru2)|\@



Compound 2
IN\GINC-A9116\SP\RBP86\GenECP\C13H19C11P5Ru2(1+)\BENKOEZ\09-Dec-2014\
0\\# bp86 genecp pop=Nboread\\L SnPSiH32\\1,1\C\C,1,1.439452\C,2,1.442
342,1,108.347\C,3,1.438368,2,107.747,1,0.027,0\C,4,1.44233,3,108.164,2
,-0.478,0\Ru,2,2.250114,3,71.199,4,62.023,0\P,6,2.438121,2,112.887,3,1
74.101,0\P,7,2.203725,6,65.571,2,146.989,0\P,8,2.195902,7,109.815,6,43
.995,0\P,9,2.185126,8,98.441,7,6.215,0\C1,10,2.099033,9,109.7,8,-172.4
4,0\Ru,10,2.260048,6,79.242,9,-135.03,0\C,12,2.221896,10,132.568,6,-55
.648,0\C,13,1.434218,12,72.625,10,-164.176,0\C,14,1.448384,13,107.166,
12,63.546,0\C,15,1.428952,14,109.109,13,1.515,0\C,16,1.435414,15,107.4
25,14,-2.249,0\P,12,2.394877,10,91.588,11,-106.782,0\C,18,1.85559,12,1
11.895,10,73.688,0\C,18,1.848053,12,121.977,10,-46.658,0\C,18,1.852966
,12,113.252,10,-168.65,0\H,20,1.109266,18,108.376,12,173.959,0\H,20,1.
106551,18,110.416,12,54.027,0\H,20,1.106165,18,110.14,12,-66.076,0\H,2
1,1.107996,18,109.063,20,-70.224,0\H,21,1.106864,18,111.005,20,169.862
,0\H,21,1.108978,18,109.76,20,49.444,0\H,19,1.108246,18,108.969,20,67.
175,0\H,19,1.109201,18,110.156,20,-52.653,0\H,19,1.106755,18,110.96,20
,-173.611,0\H,14,1.095671,12,124.88,18,-52.627,0\H,15,1.096589,12,125.
729,18,9.094,0\H,16,1.096046,12,124.601,18,68.806,0\H,17,1.095465,12,1
23.674,18,137.048,0\H,13,1.095766,12,123.097,18,-112.328,0\H,2,1.09622
4,6,125.786,12,0.061,0\H,3,1.096496,6,124.527,12,49.894,0\H,4,1.096566
,6,123.158,12,102.703,0\H,5,1.096565,6,123.261,12,-101.652,0\H,1,1.096
363,6,124.566,12,-49.708,0\\Version=AM64L-G09RevA.02\State=1-A\HF=-286
3.548408\RMSD=6.221e-09\Dipole=-1.4660706,-0.9289618,0.69566\Quadrupol

=-6.6586156,18.5507974,-11.8921817,8.1857473,-4.5932882,-2.9045063\PG

=C01 [X(C13H19CI1P5Ru2)\@



Compound 3
INI\GINC-A8004\SP\RBP86\Gen\C10H10P4Ru2\ROOT\24-Jun-2014\0\\# bp86 gen
out=wfn integral=dkh2\\L._SnPSiH32\\0,1\C,0,0.013871,-0.00209,0.000952
\C,0,0.011865,0.003974,1.443634\C,0,1.39261,-0.001806,1.861075\C,0,2.2
34632,0.023936,0.682727\C,0,1.386234,0.023665,-0.462262\Ru,0,0.944615,
-1.884411,0.751197\P,0,0.822795,-3.548741,2.558386\P,0,2.761367,-3.105
049,1.741499\Ru,0,1.411094,-4.570164,0.399371\C,0,3.256635,-5.860835,-
0.089108\C,0,2.506521,-6.411355,1.021051\C,0,1.188868,-6.770469,0.5567
07\C,0,1.125181,-6.403713,-0.837126\C,0,2.406573,-5.855972,-1.232851\H
,0,-0.86762,0.038426,2.095632\H,0,0.400227,-7.256614,1.141076\H,0,3.33
0243,0.036798,0.674983\H,0,1.746879,-0.005991,2.89851\H,0,1.712471,0.0
36894,-1.50823\H,0,2.884711,-6.549335,2.040724\H,0,2.672285,-5.498298,
-2.233918\H,0,0.257432,-6.53562,-1.493894\H,0,4.293032,-5.507053,-0.05
2927\H,0,-0.875766,-0.005564,-0.63958\P,0,-0.825699,-3.547416,0.362613
\P,0,0.500103,-3.103182,-1.270526\\Version=AM64L-G09RevA.02\State=1-A\
HF=-10816.5128518\RMSD=6.542¢-09\Dipole=0.6284163,0.1706462,-0.4694583
\Quadrupole=-3.2544541,6.9168207,-3.6623665,-1.7587892,-0.6908967,1.32

9554\PG=C01 [X(C10H10P4Ru2)\@



Compound 4
INI\GINC-A8015\SP\RBP86\GenECP\C24H32P8Ru4\BENKOEZ\09-Dec-2014\0\\# bp
86 genecp pop=Nboread\\L SnPSiH32\\0,1\C\C,1,1.428102\C,2,1.442086,1,1
08.29\C,3,1.44054,2,107.621,1,0.648,0\C,4,1.440531,3,108.164,2,-1.047,
0\Ru,2,2.314909,3,70.294,4,63.043,0\P,6,2.375661,2,91.023,3,115.104,0\
C,7,1.871301,6,117.689,2,-44.272,0\P,6,2.463289,7,119.575,8,134.039,0\
P,9,2.190283,6,113.84,7,8.827,0\C,10,1.871319,9,107.938,6,137.394,0\Ru
,9,2.508815,10,59.855,11,-116.351,0\P,12,2.360643,9,90.355,10,-64.052,
0\Ru,13,2.375698,12,108.592,9,65.765,0\P,14,2.463307,13,119.563,12,-84
.371,0\P,15,2.190349,14,113.839,13,8.888,0\C,16,1.871289,15,107.944,14
,137.335,0\C,12,2.21187,9,147.498,10,80.871,0\C,18,1.449552,12,71.601,
9,136.821,0\C,19,1.438166,18,108.474,12,-64.326,0\C,20,1.435466,19,108
.087,18,0.602,0\C,21,1.438153,20,108.087,19,0.002,0\P,12,2.50871,18,14
7.451,19,-21.237,0\C,13,1.871314,12,120.63,18,46.06,0\P,14,2.463395,13
,83.301,12,-140.601,0\Ru,25,2.509046,14,115.152,13,119.03,0\C,26,2.229
27,25,110.794,14,161.231,0\C,27,1.449555,26,70.295,25,167.991,0\C,28,1
.449545,27,106.868,26,63.361,0\C,29,1.438153,28,108.475,27,0.962,0\C,3
0,1.435486,29,108.087,28,-0.602,0\C,14,2.277495,13,148.107,12,70.549,0
\C,32,1.440541,14,71.004,13,110.673,0\C,33,1.440528,32,108.167,14,-63.
38,0\C,34,1.442063,33,107.62,32,-1.04,0\C,35,1.428115,34,108.292,33,0.
641,0\H,32,1.0959,14,123.012,13,-128.07,0\H,35,1.095975,14,123.599,13,
-5.924,0\H,34,1.095899,14,123.023,13,52.751,0\H,33,1.096551,14,121.742
,13,112.175,0\H,36,1.095973,14,123.597,13,-61.973,0\H,3,1.095901,6,123
.013,9,-89.858,0\H,1,1.095974,6,123.595,9,88.661,0\H,5,1.095902,6,123.
015,9,30.233,0\H,4,1.096548,6,121.738,9,-32.542,0\H,2,1.095972,6,123.5
93,9,176.911,0\H,30,1.096375,26,123.823,25,-58.592,0\H,28,1.09613,26,1

26.753,25,100.94,0\H,31,1.096375,26,123.828,25,-5.683,0\H,27,1.096757,



26,124.092,25,47.34,0\H,29,1.096759,26,124.078,25,-119.333,0\H,20,1.09
6372,19,125.879,18,179.496,0\H,18,1.096126,19,126.419,20,173.11,0\H,21
,1.096375,20,126.024,19,178.889,0\H,22,1.096758,18,125.907,19,178.239,
0\H,19,1.096757,18,125.907,22,-178.241,0\H,8,1.108404,7,109.186,25,-26
.73,0\H,8,1.109469,7,109.54,25,93.334,0\H,8,1.109118,7,109.991,25,-146
.615,0\H,17,1.109113,16,109.993,26,73.446,0\H,17,1.109468,16,109.533,2
6,-166.504,0\H,17,1.108406,16,109.191,26,-46.445,0\H,11,1.1084,10,109.
187,12,-46.439,0\H,11,1.109117,10,109.996,12,73.452,0\H,11,1.109474,10
,109.538,12,-166.498,0\H,24,1.109113,13,109.994,12,-73.435,0\H,24,1.10
8404,13,109.191,12,46.458,0\H,24,1.109472,13,109.534,12,166.515,0\\Ver
sion=AM64L-G09RevA.02\State=1-A\HF=-4044.2983252\RMSD=4.296¢-09\Dipole
=0.0001162,-0.0000645,-0.0004719\Quadrupole=-9.3680139,5.0162539,4.351

7601,-6.4900795,0.0068805,0.0018404\PG=C01 [X(C24H32P8Ru4)|\\@
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