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Experimental 
All reagents were purchased from Pressure Chemical, Aldrich or Acros.  Pd(COD)Br2 (COD=1,5-

cyclooctadiene), Pd(COD)Cl2, pip2NNN and [Pd(pip2NNN)Cl]Cl and [Pd(pip2NNN)Cl](BF4) were 

prepared according to published procedures.1,2 Acetonitrile was distilled from CaH2 under argon. 

 1H NMR spectra were recorded using a Bruker AC 400 MHz Spectrometer.  Deuterated 

acetonitrile and chloroform (0.03% tetramethylsilane (TMS) (v/v)) were purchased from 

Cambridge Isotope Laboratories.  Spectra are referenced in ppm with respect to a TMS standard. 

 Variable temperature spectra were processed by line-shape analysis in WinNuts and Excel.  The 

rate constants for halide ligand exchange (k, s-1) were determined from chemical shifts and 

widths of the resonances of interest.  Thermodynamic parameters, H‡, S‡, G‡, were 

calculated from the slope and intercept of a ln(k/T) vs. 1/T Arrhenius plot.  UV-visible absorption 

spectra were recorded using a HP8453 UV-visible spectrometer.  Elemental analyses were 

performed by Atlantic Microlabs (Norcross, GA).  Mass spectra were recorded using a Micromass 

Q-TOF-2 hybrid quadruple time of flight mass spectrometer (Water Corporation) with 

electrospray ionization.  The samples were dissolved and further diluted in acetonitrile (Burdick 

& Jackson) before injection into the mass spectrometer using a syringe pump. The instrument 

was optimized and calibrated in positive ion mode using poly-alanine (Sigma).  For negative ion 

mode, the instrument was re-calibrated in negative ion mode using sodium iodide (Fisher 

Scientific).  The theoretical masses were calculated and compared to the experimentally obtained 

values using Mass Lynx 4.0 software.  
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 [Pd(pip2NNN)Br]Br.  To 20 mL of a room-temperature acetonitrile solution of Pd(COD)Br2 (0.2 

g, 0.53 mmol) under argon was added 5 mL of an acetonitrile solution of pip2NNN (0.16 g, 0.6 

mmol).  The mixture was stirred for 3h and filtered in air to give a yellow filtrate and an orange-

brown precipitate.  The filtrate was reduced to dryness by rotary evaporation.  The orange-yellow 

solid was dissolved in acetonitrile, and ether was added to induce precipitation. Yield: 0.27 g, 

94.4%. Anal. Calc for C17H27N3PdBr2. H2O:  C, 36.61; H, 5.24; N, 7.54.  Found:  C, 36.64; H, 5.30; N, 

7.52.  MS-ESI+ (m/z):  460.0 ([Pd(pip2NNN)Br]+).  MS-ESI- (m/z): 78.9 (Br-).  Pd(pip2NNN)Br+ 1H 

NMR (CD3CN)  (ppm): 1.39-1.88 (12H, m, CH2), 3.30 (4H, m, CH2), 3.78 (4H, m, CH2), 4.66 (4H, s, 

benzylic CH2), 7.50 (2H, d, CH), 8.08 (1H, t, CH). 1H NMR spectrum of Pd(pip2NNN)Br]Br (CDCl3)  

(ppm): 1.49 - 1.98 (12H, m, CH2), 3.46 (4H, m, CH2), 3.93 (4H, m, CH2), 4.89 (4H, s, benzylic CH2), 

7.84 (2H, d, CH), 8.08 (1H, t, CH).  

[Pd(pip2NNN)I]I. To a 20 mL burgundy acetonitrile solution of PdI2 (0.2 g, 0.56 mmol) at ~50°C 

under argon was added 5 mL of an acetonitrile solution of pip2NNN (0.17 g, 0.62 mmol).  The 

mixture was stirred for 3h at room temperature.  Pd black was removed by filtration in air and 

the filtrate was evaporated to dryness to give an orange solid.  The product was dissolved in 

acetonitrile and the solution was allowed to slowly evaporate, yielding orange crystals of the 

iodide salt. Yield: 0.24 g, 68%.  Anal. Calc for C17H27N3PdI2 :  C, 32.22; H, 4.30; N, 6.63  Found:  C, 

32.66; H, 4.37; N, 6.65. MS-ESI+ (m/z):  506.0 (Pd(pip2NNN)I+).  MS-ESI- (m/z):  126.9 (I-).  1H NMR 

(CD3CN)  (ppm): 1.36-1.88 (12H, m, CH2), 3.35 (4H, m, CH2), 4.02 (4H, m, CH2), 4.63 (4H, s, 

benzylic CH2), 7.49 (2H, d, CH), 8.09 (1H, t, CH).

Synthesis of the [Pd(pip2NNN)X]2[PdnX2n+2] salts (X=Cl, Br, I and n= 1, 2)

Pd(pip2NNN)Cl+ Salts.  PdCl2 (0.18 g, 1.1 mmol) and pip2NNN (0.032 g, 1.1 mmol) were stirred in 

20 mL of acetonitrile at 40°C for 15 min.  The solution was allowed to cool and was stirred for 30 

min at room temperature.  The resulting tan precipitate was removed by filtration, and the yellow 

chloride salt of Pd(pip2NNN)Cl+ was isolated from the filtrate, as previously described.28  The 



previously unidentified tan solid was sonicated in acetonitrile, filtered and dried (Yield 0.35 g).  

Elemental analyses are consistent with a mixture of the Pd2Cl62- / Cl- salts (1:1 anion ratio) and/or 

the PdCl42- / Pd2Cl62- salts (2:1 anion ratio).  Anal. Calc for C17H27N3Pd1.64Cl3.29: C, 36.16; H, 4.88; 

N, 7.31.  Found: C, 36.16; H, 4.88; N, 7.31.  MS-ESI+ (m/z):  416.1.  MS-ESI- (m/z): 213.7 ([PdCl3]-), 

 391 ([Pd2Cl5]-),  663.7 ([Pd(pip2NNN)Cl(PdCl4)]-),  839.43 ([Pd(pip2NNN)Cl(Pd2Cl6)]-).  1H NMR 

(CD3CN)  (ppm): 1.49 - 1.85(12H, m, CH2), 3.32 (4H, m, CH2), 3.63 (4H, m, CH2), 4.59 (4H, s, 

benzylic CH2), 7.47 (2H, d, CH), 8.05 (1H, t, CH).

Pd(pip2NNN)Br+ Salts.  To 20 mL of a room-temperature acetonitrile solution of Pd(COD)Br2 (0.2 

g, 0.53 mmol) under argon was added 5 mL of an acetonitrile solution of pip2NNN (0.16 g, 0.6 

mmol).  The mixture was stirred for 3h and filtered in air to give a yellow filtrate and an orange-

brown precipitate.  The orange-brown product was sonicated in acetonitrile, filtered and dried.  

Elemental analyses are consistent with [Pd(pip2NNN)Br]2[PdBr4] and/or a mixture of the Pd2Br6
2- 

/ Br- salts (1:2 anion ratio).  Anal. Calc for C17H27N3Pd1.5Br3: C, 30.49; H, 4.06; N, 6.27.  Found: C, 

30.32; H, 4.05; N, 6.35. MS-ESI+ (m/z):  460.0 ([Pd(pip2NNN)Br]+).  MS-ESI- (m/z):  346.6  ([PdBr3]-), 

 612.4  ([Pd2Br5]-),  886.6  ([Pd(pip2NNN)BrPdBr4]-),  1151.3  ([Pd(pip2NNN)BrPd2Br6]-).  1H NMR 

(CD3CN)  (ppm): 1.43-1.89 (12H, m, CH2), 3.33 (4H, m, CH2), 3.79 (4H, m, CH2), 4.60 (4H, s, 

benzylic CH2), 7.47 (2H, d, CH), 8.07 (1H, t, CH).

Pd(pip2NNN)I+ Salts.  Method 1: PdI2 (0.1 g, 0.28 mmol) was suspended in 20 mL acetonitrile in a 

Schlenk flask in an ice-water bath.  After stirring under argon for 15 minutes, pip2NNN (0.084g, 

0.31 mmol) in 5 mL acetonitrile was injected into the flask.  The mixture was stirred at 0°C for 2h 

and then allowed to warm gradually to room temperature.  The intense burgundy solid was 



collected by filtration in air, washed with acetonitrile and sonicated in hexanes for 2h. Yield: 0.086 

g.  Elemental analyses are consistent with [Pd(pip2NNN)I]2[Pd2I6] and a small amount of the PdI4
2- 

and/or I- salts.  Anal. Calc for C17H27N3Pd1.93I3.85:  C, 21.12; H, 2.81; N, 4.35. Found:  C, 21.10; H, 

2.70; N, 4.35. MS ES+ (m/z): 506 (Pd(pip2NNN)I+). MS ES- (m/z): 486 (PdI3
-), 848 (Pd2I5

-).  1H NMR 

(CD3CN)  (ppm): 1.36-1.88 (12H, m, CH2), 3.35 (4H, m, CH2), 4.02 (4H, m, CH2), 4.62 (4H, s, 

benzylic CH2), 7.47(2H, d, CH), 8.09 (1H, t, CH).

Method 2: To 150 mL of ethanol-acetonitrile (90%-10%) solution of [Pd(pip2NNN)I]I (0.14 g, 

0.22 mmol) was added excess KI (~30 eq.) dissolved in an ethanol-water mixture.  The solution 

was stirred for 24h at room temperature.  The organic solvents were removed by rotary 

evaporation, and more water was added to dissolve the remaining KI.  The resulting burgundy 

precipitate was collected over a frit, and the solid was sonicated in ~30 mL of acetonitrile for 30 

min, filtered and dried in a vacuum oven.  Elemental analyses are consistent with 

[Pd(pip2NNN)I]2[PdI4] and/or a mixture of the Pd2I6
2- / I- salts (1:2 anion ratio).  Yield (Pd): 0.045 

g, 38%. Anal. Calc for C17H27N3Pd1.5I3:  C, 25.09; H, 3.34; N, 5.16. Found:  C, 25.47; H, 3.38; N, 5.21. 

MS ES+ (m/z): 506 (Pd(pip2NNN)I+). MS ES- (m/z): 486 (PdI3
-), 848 (Pd2I5

-).  1H NMR (CD3CN)  

(ppm): 1.36-1.88 (12H, m, CH2), 3.34 (4H, m, CH2), 4.02 (4H, m, CH2), 4.62 (4H, s, benzylic CH2), 

7.45(2H, d, CH), 8.10 (1H, t, CH).

Overall, the isolated yields and qualitative observations are consistent with an increasing 

tendency to form bridged Pd(II)-containing anions along the Cl<Br<I series, as was noted for 

several platinum(II) systems.3,4 When PdX2 is used as a reagent (X= Cl, Br, I), lower reaction 

temperature increases the yield of the PdnX2n+2
2- salts.  In contrast, when Pd(COD)Cl2 or 

Pd(COD)Br2 are used as reagents, higher reaction temperature increases the yield of the 



respective PdnX2n+2
2- salts. Reactions with Pd(COD)I2 were not investigated.  These observations 

suggest that kinetic and thermodynamic factors influence the product distribution.  Although not 

common, formation of Pd2I6
2- and PdI4

2- salts, depending on reaction conditions, have been 

reported.5 

1H NMR spectroscopy shows that [Cl]+ is rapidly and nearly completely converted to the bromo 

adduct by stirring a solution of the Cl- or PdnCl2n+2
2- salt with excess NaBr.  Similarly, stirring 

alcohol solutions of [X]+ (X= Cl, Br) salts with one to two equivalents of NaI yielded [I]+ (Scheme 

S1).  These results indicate that the stability of [X]+ in polar solvents increases along the series Cl- 

< Br- < I-.  On the other hand, stirring [X]X (X= Cl, Br, I) with excess NaI resulted in a burgundy salt 

of [I]+ (i.e., Method 3 and Scheme S1).  It is noteworthy that, under similar conditions, PdnX2n+2
2- 

(n=1, 2) is not formed from the reaction of I- with Pd(pip2NCN)I, presumably because of the 

kinetic stability of the Pd-C bond.

Electronic Spectroscopy of the [Pd(pip2NNN)X]2[PdnX2n+2] salts (X=Cl, Br, I and n= 1, 2)

The electronic absorption spectra of the minor products verify the presence of PdnX2n+2
2- (n= 1, 

2) whose absorption bands >300 nm effectively mask those of [X]+. The Pd2X6
2- and PdX4

2- salts 

have nearly identical maxima,6 (Figure S1). 

(n+2)[I]+ [I]2[PdnI2n+2]

[I]+ (1)

(2)

+

(n)pip2NNN

[X]+ + I- X-

+ excess I- +

Scheme S1. Reactions of [Cl]+, [Br]+ and [I]+ with iodide. One equivalence replaces the halide but excess 
leads to the formation of the PdnI2n+2

2- salt, n=1, 2.



The UV-visible absorption profiles of the complexes with palladium halide anions are expected 

to agree with the sum of the spectra for the individual cation and PdnX2n+2
2- anion components.  

Accordingly, because of the comparatively weak intensity of the [X]+ bands at wavelengths >300 

nm, the long wavelength region of these spectra is expected to be dominated by the anion 

absorption bands (Figures 1 in the main text).  Although quantitative analysis was not possible, 

the spectra of solutions of the tan chloro, orange-brown bromo and burgundy iodo solids 

provided qualitative verification of the presence of the PdnX2n+2
2- anions.  

The electronic spectroscopy of PdnX2n+2
2-has been extensively investigated.  LMCT transitions 

involving occupied halide  and  levels of the halide ligand and the d*(Pd) level are anticipated 

for [PdX4]2-, whereas an additional set of transitions is expected for the bridging halides in the 

[Pd2X6]2- spectra.  The p and p energy levels of the bridging ligands, which donate electron 

density to two metal centers, are expected to be higher than the corresponding levels arising 

Figure S1. UV-visible absorption spectra of solutions containing PdnX2n+2
2- (n= 1,2): 

acetonitrile solution of the tan salt of Pd(pip2NNN)Cl+ (----), the orange-brown salt of 

Pd(pip2NNN)Br+ (―) and the burgundy salt of Pd(pip2NNN)I+ (....) prepared at 0°C from the 

reaction of PdI2 with pip2NNN.  The shaded area depicts fivefold magnification of the 

measured absorbance.



from the terminal ligands which contribute electron density to a single metal center.  As a result, 

the transitions originating from the bridging halides occur at longer wavelengths than those 

originating from the terminal halides.7 Overall, the energies of all transitions are expected to 

decrease along the halide series, Cl>Br>I. In accordance with these arguments, in the spectra of 

[PdnCl2n+2]2-, the transitions in the region <320 nm are anticipated to have considerable 

contribution from both p(X-)→ d*  and p(X-)→d* LMCT transitions (e.g., [(nC4H9)4N]2[Pd2Cl6], 

2:1 2-methyltetrahydrofuran: propionitrile, 200 nm (~70000 cm-1M-1), 244 nm (31, 200 cm-1M-1 

), 288 nm (2260 cm-1M-1)).6–9  However, for [PdnBr2n+2]2- and [PdnI2n+2]2- spectra, contribution from 

mostly p(X-)→d* LMCT transitions are expected in this region. The p(X-)→d* LMCT 

transitions are anticipated to contribute mostly to 330-400 nm and 340-450 nm regions of the 

[PdnBr2n+2]2- and [PdnI2n+2]2- spectra, respectively.  Finally, the low energy transition is anticipated 

to have contribution from metal centered transitions ([PdnCl2n+2]2-, 425 nm; [PdnBr2n+2]2-, 468 nm; 

[PdnI2n+2]2-, 546 nm).  

Mass Spectroscopy of the [Pd(pip2NNN)X]2[PdnX2n+2] salts (X=Cl, Br, I and n= 1, 2)

The positive ion mass spectra of the halide salts and the minor products are similar, exhibiting a 

major peak corresponding to [X]+.  However, as Table S1 shows the negative ion mass spectra are 

distinctly different. For [Cl]Cl and the tan minor product, the most intense peak corresponds to 

PdCl3-.  Under similar conditions, the mass spectrum of Na2[PdCl4] shows exclusively the PdCl3- 

mass peak.  Therefore, the appearance of this peak in the spectrum of the chloride salt suggests 

that PdCl42- can form from [Cl]+ and   chloride anions, at least under the conditions of the ESI-MS 

experiment.  The mass spectrum of the chloride salt also shows intense peaks that correspond 

to ions with multiple chlorine atoms, such as [Pd(pip2NNN)Cl3]- (38%) and [(Pd(pip2NNN)Cl)2Cl3]- 



(48%).  The fact that these peaks do not appear in the negative ion mass spectrum of 

[Pd(pip2NNN)Cl](BF4) confirms the role of free chloride anions in their formation.  In addition, 

these peaks are weak (<3%) or absent from the spectrum of the minor product, suggesting that 

there is little or no free chloride ion in that sample.  

Table S1.  Negative ion mass spectrometry data for [X]X, their respective minor products, 

formulated as [X]2[PdnX2n+2] (X= Cl, Br, I and n=1,2) and Pd(pip2NNN)Cl]BF4. The cations are 

presented as [Pd(pip2NNN)X]+= [X].

Interestingly, a mass peak corresponding to [Cl][PdCl4]- ion (m/z= 664) is moderately intense in 

the spectra of both the major (15%) and the minor products (25%). However, the mass spectrum 

of the minor product also exhibits an intense peak corresponding to [Pd(pip2NNN)Cl][Pd2Cl6]- 

(70%), which is entirely absent from the spectrum of the chloride salt.  Taken together, the 

accumulated data are consistent with the minor product containing a mixture of the PdCl42- and 

Pd2Cl62- salts.



The negative ion mass spectra of the bromide and iodide salts are dominated by Br- (100%) and 

I- (100%) with weaker mass peaks associated with PdBr3
- (15%) and PdI3

- (28%), respectively. By 

contrast, the most intense peak in the spectrum of the orange-brown minor product is for PdBr3
- 

with additional peaks corresponding to [Br][Pd2Br6]- (35%), [Br][PdBr4]- (22%), [Pd2Br5]- (20%), 

and Br- (2%). And the most intense peak in the spectrum of the burgundy minor product is for 

PdI3
- with additional peaks corresponding to [Pd2I5]- (43%), [I][Pd2I6]- (10%) and smaller ions. 

Taken together, the results are consistent with the presence of PdX4
2- and/or Pd2X6

2- salts in the 

minor products.
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