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Dynamic Light Scattering (DL S) and Transmission Electron Microscopy (TEM)
studies

General Information

(PCys):Pd(*-0,) (16) complex was freshly prepared from (REBRd and
stored at —20 °C. Dioxane was distilled from Na#wmghenone and degassed using
freeze-pump-thaw technique. Thermal decompositiche Pd-dioxygen complek6
and Suzuki cross-coupling reaction between the &emial bromide RR)-5 and
indolyl boronate4 were carried out under argon atmosphere in an aresd-
glassware.

The size distribution and the mean sizes of nartigpes were determined by
Malvern Zetasizer Nano ZSP system. Data were analyzed bivavh Zetasize
software 7.10Following specifications were used for dioxane 8ohs: viscosity
n=1.194 mPa/s, refractive index=1.422, temperature T=25°C; dielectric constant
£=2.25.

Transmission electron micrographs (TEM) were reedr@n Tecnai GF20
transmission electron microscope. Samples for TEMewprepared by drop-casting
~3 uL of the analyte on a holey carbon-coated 400-noegiper TEM grid (S147-4
Agar scientific) The excess of the solution wastidly removed by filter paper and

the grid was dried under air at ambient conditions.

Thermal decomposition of the (PCys),Pd(7*-O5) (16) complex.

40°C, 10 h © 9
Q\Pd/\PCYB — Pd (heterogeneous) + Cy,P-O
0" ""PCy;  dioxane (2 mL)
16

The Pd-dioxygen comple¥6 (5 mg) was dissolved in dioxane (2 mL) under
an argon atmosphere. The solution was transfeoredvette (12 mm square glass cell
with stopper) and placed into preheated (40° Cagieer Nano system. After heating
at 40° C for 10 hours three measurements wereedaotit (Table S1 and Figure S1).
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Table S1. Mean count, Rave;, PDI and maximum peaks of DLS measurements for

the reaction mixture of thermal decomposition & (RCy),Pd(;>-O.) (16).

Mean count| Maximum peak$
Entry rate? zr']ar‘r’]e“ PDI° | Peak 1 meaql Peak 1l | Peak 2 mear] Peak 2
kcps int. d, nm area, % int. d, nm area, %
1 189 363 0.533 3 71 150 22
2 192 251 0.382 3 71 220 29
3 195 368 0.540 3 77 144 23

2 Mean count rate is number of photons detectechduhie measuremenRitZ-avarage diameter (Qye)
is harmonic intensity averaged particle diametarasared as a diameter of dynamic solvated particles
° Polydispersity index (PDI) describes particle siistribution;® Intensity of maximum peaks shows

the most abundant particle size.
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Figure S1. DLS analysis of particle size distribution in titeermal decomposition of

Pd-dioxygen complet6.

DLS measurements suggest that the thermal decotigposi (PCy)-Pd (7

O,) (16) results in the formation of particles of diffetesizes (avarage size ~250-400

nm, polydispersity index ~0.3-0.6). A considerabtaount of the detected particles
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fall into category of small particle group (< 10niije mean count of measurements
is low (180-190 kcps) indicating the low concentmatof the particles.

Subsequently, the solution of Pd-dioxygen compléxfrom above (the
thermal decomposition reaction mixture) was dilutéth chloroform (10 times) and
submitted to TEM analysis (Figures S2 and S3).

; ] it i S S P Mg

hof

Figure S2. TEM image of the Pd—dioxygen compléd% thermal decomposition
reaction mixture (500 nm scale bar is shown abtiteom of the picture).
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Figure S3. TEM image of the Pd-dioxygen complé$ thermal decomposition

reaction mixture (10 nm scale bar is shown at thtéoim of the picture).
TEM images show the formation of amorphous prodadter the thermal
decomposition of Pd—dioxygen complé8. However, there are no structures that

could be attributed to nanoparticle-sized Pd sgecie
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Analysis of the Suzuki cross-coupling reaction mixture.

N
4
%%N o._.PCys ”<
O, .,.0Q I _Pd
B —
MeO,C | Br

~ "N—-TIPS

Pd< (0)
(0] PCys
MeO,C Q
N

(0.012 mol)
N + AN BnO
O H W N K3PO, (0.24 mmol) (o] g
SN TIPS 110 °C. 3 h -
(R.R)-5 4 dioxane (2 mL) (RR)-3
0.06 mmol 0.063 mmol

The Suzuki cross-coupling reaction mixture was areg as described in the
Experimental. After heating at 110 °C for 3 h undanosphere of argon the green—
colored reaction mixture was filtered through agplof Celite and subsequently
through a microfilter (400 nm). The filtrate waarisferred to cuvette (12 mm square

glass cell with stopper) and analyzed by Zetadiaarto system.

Table S2. DLS measurements of the Suzuki cross-couplingti@amixture.

Mean | Maximum peak$
count Z . Peak 1 Peak 2

Entry rate? aven PDI mean int. Peak 1 mean int. Peak 2
nm area, % area, %

kcps d, nm d, nm
1 210 340 0.751 2 73 255 53
2 205 772 0.821 1 47 276 53
3 181 1570 1.0 2 51 185 49

2 Mean count rate is number of photons detectechduhie measuremenitZ-avarage diameter (Qye)

is harmonic intensity averaged particle diameterasared as a diameter of dynamic solvated particles
° Polydispersity index (PDI) describes particle siistribution;® Intensity of maximum peaks shows
the most abundant particle size.

The polydispersity of the Suzuki cross-couplingctea mixture is high (the
polydispersity index is ~0.7-1.0). An average sizéhe deteceted particles varies in a
wide range from ~300 to 1500 nm. Two main grouppasticles with size below 10
nm and with size of 200-300 nm have been identi{fssk Figure S4). Palladium
species from both of these groups could in prikcg#rve as active catalysts in the
Suzuki cross-coupling. However, the low mean coointneasurements (180-210

kcps) indicates low concentration of theses pasicl
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Figure $4. DLS analysis of particle size distribution in tBeizuki cross-coupling

reaction.

For TEM analysis, the Suzuki cross-coupling reactmixture was filtered
through a plug of Celite and the filtrate was ditibitwith chloroform (10 times).
Acquired TEM images revealed agglomerates of diffesize, ranging from 1 to 200
nm (Figure S5). Particles of 1-2 nm in size carolbgerved as individual species as
well as a part of larger agglomerates. A crystallgiructure of the representative

individual particle could be also observed (FigBf).
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Figure S5. TEM image of the Suzuki reaction mixture (100 roale bar is shown at

the bottom of the picture)

Figure S6. TEM image of a representative individual parti¢dfem the Suzuki
reaction mixture (1 nm scale bar shown at the botdbthe picture)

Scanning transmission electron microscopy (S/TEMypled with EDX
(EDAX) detector was used also to determine comuosibf elements in four
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different regions of the heterogeneous Suzuki ecosgpling reaction sample (see
Figure S7; regions of interest #1-#4 are markedifmye with diameter ca. 10 nm).

1) region #1 is chosen in the area of large aggtateecontaining small (1-2 nm in
size) particles;

2) region #2 is positioned in the area of largel@merates lacking the presence of the
small particles;

3) region#3 is in the area of large agglomerateth wiplicit presence of small
particles;

4) region#4 is apart from the area of agglomerates.

Figure S7. Spectrum positions for elemental analysis of uzaaction mixture
sample (50 nm scale bar is shown).
Elemental analysis for the selected regions #ls#fepicted in Figures S8-S11.
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Figure S8. Composition of elements in region #1.
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Figure S9. Composition of elements in region #2.
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Figure S10. Composition of elements in region #3.
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Figure S11. Composition of elements in region #3
Composition of elements in regions #1 and #3 wtdohtained small size

particles (1-2 nm) displays intense potassium $sgrsaiggesting that the small

particles are potassium phosphate crystals. Thespioim Ku Ko, located at 3,31keV
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in images overlaps with palladiunmy band, however the palladiunwland L3 lines
are not present at expected intensities. Largeoaggiates consist mainly of organic
elements incorporated into reactants. Traces dhgiam can be found in every
position of spectra. Consequently, the presenceatibdium nanoparticles in the
Suzuki cross-coupling reaction was not observe8 igM/EDX studies.
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Atropisomerization of biaryl (R,R)-3in CgDg

BnO
—_—
-
(M,RR)-3 (P.RR)-3
OSPT-ZM-303-2A-noe1000
DE-699_pec12dienam-NOESY-DMSO
ot r1.75
r1.80
M,P PP = 1.85

r1.90
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Figure S12. 2D-EXSY data in €Dg for (R|R)-3 at T=313 K and mixing timg~=1 s.

The rate constant for chemical exchakgeas calculated based on equations
(1-2)* for uncoupled pair of spinsM(RR)-3 (designated as) and P,RR)-3
(designated aBR), present in mole fractions,, andXp, with diagonal intensitieku
andlpp and cross-peak intensitibg andlpy, respectively.
1 r+1

k=—.In—= 1
t r-1 @)

m

(1) (a) Perrin, C. L.; Dwyer, T. GChem. Rev. 1990, 90, 935. (b) Gibson, K. R.; Hitzel, L.; Mortishire-
Smith, R. J.; Gerhard, U.; Jelley, R. A.; Reeve JA.Rowley, M.; Nadin, A.; Owens, A. B. Org.
Chem. 2002, 67, 9354.
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r=4XMXP(IMM +IPP)_

(e + Tem)

(X = X5)* (2)

The rate constant represents a sum of forward amdrse rate constants,
which are proportional to the mole fractioXs and Xy under equilibrium conditions

(equation 3).
k=Ky_p+kom =K-Xp +k- X, (3)
Based on the determined rate constants, free ersrggctivation AG” for

atropisomerization of biarylR,R)-3 was calculated at T = 289 K and T = 313
(equation 4).

e

k .eRT 4
n 4)

Table S3. Calculated constants and the energy of activatorafropisomerization of
biaryl (R R)-3in CgDe.

AG'w, AGp,
Temperature | k,, ,(s") Ke_w (57) o Y
(kJ/mol) (kJ/mol)

289 K 0.018 0.012 83.0 83.9
313K 0.075 0.055 83.5 84.4

Calculated half-life at 289 K¢( , =m72) for M—P atropisomerization is 39 s

and forP—M atropisomerization is 53 s. At 313 K the half-$9.2 s foM—P and

12.6 s folP—M interconversion.
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The X-ray structure of (PGyPd(7*-O,) (16)

Crystal data and structure refinement for (REBd(7*-O,) (16).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I>3sigma(l)]
R indices (all data)

Largest diff. peak and hole

ZM-698
C40 H76 O3 P2 Pd
773.35
173(2) K
0.71073 A
monoclinic
P 21/n
a =10.6143(1) A alpha = 99.de
b = 29.5816(4) A beta = 98.3194(7) deg.
¢ = 13.6374(2) A gamma = 90 deg.
4236.92(9) A3
4
1.212 Mg/m"3
0.546 mm~-1
1664
0.16 x 0.17 x 0.21 mm
57.0 deg.
-14<=h<=14, -39<=k<=36, -18<=I<=18
18649
10845 [R(int) = 0.029]
0.916 and 0.895
Full-matrix least-squares on F"2
8267 /0/370
1.528
R1 =0.064, wR2 =941
R1 =0.097, wR2 = 0.281
1.49 and -1.23 e.A"-3
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