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ABSTRACT 

 High resolution mass spectrometry and nuclear magnetic resonance spectroscopy are 

powerful tools to solve unknown chemical structures. In this work, an unknown 

compound was deciphered. 4 fragments were determined with solid evidence. 6 

possible structures were proposed, among which the following structure is likely to be 

what we are looking for.  
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 CHAPTER 1 

INTRODUCTION 

 Structure elucidation of unknown molecules is an essential step in chemistry 

and pharmacology.1 Elucidation of organic molecules often involves nuclear magnetic 

resonance (NMR) spectroscopy, mass spectrometry (MS), infrared spectroscopy (IR), 

and X-ray crystallography.2 

 MS is an analytical technique that characterizes abundance of charged species, 

and their mass-to-charge ratio (m/z). It is usually comprised of an ionizer, a mass 

analyzer and a detector. First, a charge is added to the molecular unit or fragment in 

the ionization step. Charged species are then separated by a mass analyzer according 

to their m/z, and finally quantified by a detector. Common ionizers include electron 

ionization (EI), chemical ionization (CI), matrix-assisted laser desorption ionization 

(MALDI), etc. Quadrupole mass analyzers, time-of-flight (TOF) mass analyzers and 

magnetic sector mass analyzers are among the most popular mass analyzers.4 

 NMR spectroscopy is another common tool involved in analytical chemistry to 

provide structural information. Many atomic nuclei behave as if they were spinning 

and possess magnetic dipole moments µ.  For atoms with spin quantum number I = ½, 

when placed into an external magnetic field B0 oriented along the z-axis, there are 2 

allowed orientations of the z-component of the magnetic dipole moment µz: spin-up 

(parallel with B0) and spin-down (anti-parallel with B0). Because the spin-up state is 

lower in energy, more atoms are in this state with µz parallel with B0. Individual 

nuclear spins add up to a macroscopic magnetic vector M0 along the z-axis. In NMR 

spectroscopy, macroscopic magnetic vectors are disturbed by radio frequency pulses 

off z-axis onto x-y plane, and they then relax by precessing back to z-axis. The 

frequencies during relaxation depend on their chemical environment and are measured 

(Figure 1).5  
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1H NMR shows protons at their distinct chemical shifts reflecting their 

chemical environment. 2 convenient features of the 1H NMR spectrum are peak 

intensity and multiplicity. Peak intensities normally represent nearly-quantitatively the 

number of protons contributing to the peaks in the integration interval. Multiplicity 

implies the number of neighboring protons. If a proton, for example, is coupled to 1 

neighboring proton, the magnetic field created by the neighboring proton can either 

strengthen or cancel the magnetic field felt by the proton under study, creating 2 

relaxation frequencies. Hence, this proton will appear as a doublet. The strength of the 

influence of neighboring protons is measured by the difference in relaxation 

frequencies, namely the coupling constant. For small enough molecules, 1D proton 

spectrum may provide enough information to reconstruct the structure. However, in 

most cases, the complexity of molecules and abundance of similar chemical 

Figure 16. The vector model of NMR spectroscopy. At equilibrium, individual 

nuclear spins of a certain nucleus add up to a macroscopic magnetization vector. 

The macroscopic vectors of all nuclei of the molecule are excited. The precession 

frequencies during relaxation are measured by the detector.  
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environments leads to severe overlap of peaks which makes the assignment problem 

difficult.  

Problems of overlap may be partly resolved by 2D NMR. In 2D NMR, more 

complicated pulse sequences are designed which interrogate the network of chemical 

shifts coupling constants to select only specific combinations of sites and couplings 

for presentation in the cross-correlations represented in the 2D map. In a 2D NMR 

spectrum, therefore, the crosspeaks represent pairs of magnetically inequivalent sites 

connected by whatever pathway is chosen in the pulse sequence applied.  For example, 

Gradient correlation spectroscopy (gCOSY) is designed to 1H/1H 2 or 3 bond 

correlations. Heteronuclear single-quantum correlation spectroscopy (HSQC) 

correlates the chemical shifts of protons with the chemical shifts of their directly 

bonded carbons (120-215 Hz). In contrast, Heteronuclear multiple-bond correlation 

spectroscopy (HMBC) detects heteronuclear correlations to much weaker J couplings, 

which are typically found with 2 or 3 intervening bonds. There are also experiments, 

such as Rotating-frame nuclear Overhauser effect correlation spectroscopy (ROESY), 

where crosspeaks connect resonances from nuclei that are close spatially (less than 5-6 

Å).7,8 

In this project, an unknown compound was provided. First, MS was used to 

figure out the elemental composition. Then a battery of NMR experiments, including 

1D 1H NMR, 2D 1H/1H COSY, 1H/13C HSQC, 1H/13C HMBC, 1H/15N HMBC and 

1H/1H ROESY, were acquired to reveal various correlations. In the next few sections, 

we will show the spectra acquired in the course of these experiments and describe the 

thinking process involved in deciphering the molecule, which is most easily 

accomplished by extracting substructures which contribute most of the correlation 

peaks observed in the various spectra. Based on the varying bits of information we 

provide a proposed set of structures which appear compatible with all available 
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evidence, though the remaining unknowns leave us less than completely confident in 

the way the various pieces are attached to one another. We close by suggesting how 

one might work to increase the confidence levels in how the pieces are attached to one 

another. 
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CHAPTER 2 

RESULTS AND DISCUSSION  

2.1 Mass Spectrometry 

In this work, the ionizer used was electrospray ionization (ESI). In ESI, 

solution of sample is sprayed through a strong electrical field. Droplets pickup charge 

and evaporate. Ions observed in ESI are usually created by addition of a proton or 

sodium ion. The mass analyzer used in this work is an Orbitrap mass analyzer, in 

which ions circulate at their characteristic angular frequencies ω = sqrt (force 

constant/(m/z)), thus inducing an image current which is then captured. An important 

piece of information provided by MS is the isotope pattern. As some elements have 

multiple isotopes, the molecules that contain these elements vary slightly in their 

molar mass. Modern high-resolution MS is good enough to differentiate the mass 

difference between major and minor isotopes. The ratio of the isotopes is dependent 

on their natural abundance. For example, if a compound contains a Br. About half of 

the molecules will contain 79Br and the other half will contain 81Br. 2 molecular ion 

peaks will be observed, 2 m/z apart and 1:1 in ratio. Thus, by analyzing isotope 

patterns, we can gain insight into the elemental composition of our target compound.  

The mass spectrum obtained is shown in Figure 2. Peak for [M-H]+ can be 

found at 471.184207 m/z (Figure 1 lower-left), while peak for [M-Na]+ is seen at 

493.165986 (Figure 1 lower-right). Thus, the molar mass is determined to be around 

470. Because the ratio between peak 471 and peak 473 is 100: 4 (Figure 1 lower-left), 

there exists one and only one S. The number of carbons is around 25 since the ratio 

between peak 471 and peak 472 is 100:29.8. No other heteroatom, aside from N, O 

and S, is present according to the isotope pattern. 

Mass calculation done by Mnova yields the following possible molecular 

formulas (Table 1). According to the nitrogen rule, which states that even molecular 
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weight indicates even number of nitrogens, formulas with odd number of nitrogens are 

ruled out. Only 2 possible formulas (C27H26N4O2S and C26H30O6S) are left. 

  
Formula Calculated Mass Double Bond 

Equivalence 

Error 

(ppm) 

1 C9 H24 N15 O6 S 470.17492 5.5 3.11 

2 C29 H28 N O3 S 470.17844 16.5 -4.38 

3 C27 H26 N4 O2 S 470.17710 17.0 -1.52 

4 C26 H30 O6 S 470.17576 12.0 1.32 

5 C25 H24 N7 O S 470.17576 17.5 1.33 

6 C24 H28 N3 O5 S 470.17442 12.5 4.18 

 

  

Table 1. Possible molecular formulas generated by Mnova. 
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2.2 1D H NMR 

Although the 1D spectrum is difficult to use to derive a complete structure, a 

few observations are helpful in parameterizing what follows. The 1D proton spectrum 

(figure 3) revealed the existence of a minor isomer as some peaks appeared in pairs 

Figure 2. Mass spectrum of the unknown compound. Lower-left: Zoomed-in 

region from 470 to 475 m/z. Lower-right: Zoomed-in region from 493 to 496 m/z. 

[M-H]+ adduct is found at 471.184 m/z. Isotope pattern indicates existence of S. 
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(3.70 & 3.65, 3.95 & 3.80, 4.19 & 4.04, 4.60 & 4.88, 8.01 & 8.05, 8.34 & 8.77ppm). 

According to the integration, the ratio between the isomers is roughly 3:1.  The peaks 

above 7 ppm clearly indicates the presence of aromatic rings. In the aliphatic region, 

the roofing pattern (taller inner peaks and shorter outer peaks) of the two doublets at 

4.19 and 3.95 ppm indicates that these two protons are split and only split by each 

other. Their large coupling constant (15.15 Hz) suggests that they might be on the 

same carbon. The singlet at 3.70 ppm may be a -CH3 group. It was later found that the 

solvent used is contaminated by ethylbenzene and water, thus peaks from 

ethylbenzene (1.24, 2.65, 7.20, 7.28, 7.17 ppm) and water (1.59 ppm) will be ignored 

in whatever follow.  
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Figure 3. 1D proton NMR spectrum of the unknown compound. The unknown 

compound contains aromatic protons. Aromatic region is enlarged in the graph on 

the bottom. Some peaks exist in pairs, indicating the existence of a minor isomer.  
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2.3 2D NMR 

 

 

Figure 4. 2D 1H/13C HSQC spectrum of the unknown compound showing 

correlation between protons with their directly bonded carbons. Aromatic region is 

shown in bottom.  
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Figure 5. 2D 1H/1H COSY spectrum acquired under conditions chosen primarily to 

show crosspeaks between pairs of inequivalent protons. Bottom: aromatic region 

zoomed in. 
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Figure 6. 2D 1H/13C HMBC spectrum. Crosspeaks represent 2-to-3-bond proton 

carbon coupling. Bottom: aromatic region zoomed in. 
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HSQC (Figure 4), COSY (Figure 5), HMBC (Figure 6) and ROESY (Figure 7) 

spectra are shown above. Identifiable information obtained is summarized in Table 2. 

The numbering system of primary and secondary carbons goes in the order of 

increasing H shifts. Tertiary carbons are assigned in the order of C shifts. Such 

numbering system will be used onwards. Based on HSQC, it is possible to identify 

proton chemical shifts and their directly attached carbon chemical shifts. COSY, 

HMBC help connect the individual pieces together. ROESY is only used for 

referential purposes as spatial correlations are not as solid as through-bond couplings. 

 

 

 

 

Figure 7. 1H/13C ROESY spectrum. Red peaks represent spatial proximity between 

inequivalent protons 



15 
 

# C PPM # OF H H PPM M COSY HMBC ROESY 

1 28.41 2 a. 1.94 m 2b, 6 2, 18 1b 

b. 2.36 m 2a, 6 
 

1a, 2 

2 24.80 2 1.98 (2) m 2b, 3b 1 1b, 3a, 3b 

3 47.82 2 a. 3.59 m 2, 3b 1, 2 2, 5a, 5b 

b. 3.65 m 2, 3a 2 2, 5a, 5b 

4 30.13 3 3.70 (3) s 
 

19, 20 7, 10 

5 35.97 2 a. 3.95 d 5b 20, 21 5b, 3a, 3b 

b. 4.19 d 5a 20, 21 5a, 3a, 3b 

6 61.41 1 4.60 m 1a, 1b 1, 2, 18 1a, 1b 

7 108.15 1 7.23 d 
 

9, 22  

8 118.04 1 7.44 d 9 10, 19  

9 121.83 1 7.13 t 10, 8 7, 22  

10 122.01 1 7.20 t 9 8, 19  

11 123.05 1 8.01 d 14 12, 23  

12 124.96 1 7.16 t 14 11, 23 14 

13 127.56 1 7.35 t 15 16  

14 128.22 1 7.32 t 12, 11 17 12 

15 128.61*2 1 7.42 t 16, 13 15, 24, 16  

16 129.24*2 1 7.26 d 15 13, 16, 23  

17 130.04 1 7.17 s 
 

14  

18 169.56 0 
    

 

19 136.83 0 
    

 

20 151.11 0 
    

 

21 167.48 0 
    

 

22 143.18 0 
    

 

23 134.20 0 
    

 

24 138.49 0 
    

 

25 ? 0 
    

 

OTHERS:  
Amide 

N-H 

8.34 
   

 16 

 

 

2.4 HSQC, COSY, HMBC analysis 

 26 H’s were identified in the molecule based on their spectral signatures. 19 

primary, secondary and tertiary carbons were identified on HSQC, and another 7 

quaternary carbons were identified on HMBC, adding up to 26 C’s. This leads us, in 

conjunction with the MS data cited above, to conclude that the molecule is 

Table 2. Summary from HSQC, COSY, HMBC and ROESY 
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C27H26N4O2S, with an unknown quaternary carbon and a degree of unsaturation of 17. 

The elucidation begins with H11 (Figure 8) because this proton does not overlap with 

any other protons. First, the chemical shifts of C11 and H11 suggest they are part of an 

aromatic system. It can be seen on COSY that H11 correlates to H14. Thus, H14-C14 

is therefore likely to be adjacent to C11. H11 shows crosspeaks to C12 and C23 in the 

HMBC experiment; H14 shows a J coupling with H12 in COSY. From these 

observations, we can conclude that C12 and C23 are meta to H11, with C12 adjacent 

to C14. The relatively deshielded chemical shift of H11 indicates H11 is ortho to an 

electron-withdrawing group. Furthermore, HMBC crosspeaks allow us to complete a 

phenyl ring; the coupling observed between H14 and C17 suggests C17 is meta to 

C14, between C12 and C23.  Further clarification of the substation pattern on this 

phenyl group is provided by HMBC correlations between H12 and C11, H12 and C23, 

H17 and C14.  

 

 

In order to determine how the phenol group in Figure 8 attaches to the rest of 

the molecule, we search for HMBC peaks that correlate to this phenol group. HMBC 

correlation between H16 and C23 suggests that C23 is attached to another phenol 

group (Figure 9). COSY crosspeaks between H16 and H15, H15 and H13 indicate that 

C13-H13 is adjacent to C15-H15, and C15-H15 is adjacent to C16-H16. In the HMBC 

Figure 8. Partial fragment 1.  Single-headed arrows represent HMBC correlations. 

Double-headed arrows represent COSY correlations. 
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spectrum, H16 correlates to its own C16; H15 correlates to its own C15, suggesting 

the fragment under analysis is a symmetrical mono-substituted phenol group, with 

C13-H13 on its line of symmetry and C16-H16 and C15-H15 on both sides. HSQC 

peak integration indicates 2 copies of C16-H16 and 2 copies of C15-H15, supporting 

the proposed fragment. HMBC crosspeak between H15 and C24 puts C24 meta to 

C15-H15. Finally, connecting C23 and C24 gives fragment 1 proposed below. The 

fragment contains 12 carbons and 7 hydrogens and bears a degree of unsaturation of 4.  

 

 

 

Up to this point, there are no more bond correlation information related to 

fragment 1. We decide to choose another starting point, hoping to identify a different 

spin group fragment. We decided to start with H6 as it doesn’t overlap with any other 

protons. COSY shows crosspeaks between H6 and H1’s, H1’s and H2’s, H2’s and 

H3’s. Both H1 and H6 show HMBC correlations to C18. And the chemical shift of 

C18 suggests an ester or amide. Thus, fragment 2 (Figure 10) below is proposed. 

Chemical shifts of H3’s and H6 indicate both carbons are connected to some electron-

Figure 9. Partial fragment 1. Single-headed arrows represent HMBC correlation. 

Double-headed arrows represent COSY correlation. 
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withdrawing group. This fragment contains 5 carbons, 7 hydrogens, and has a degree 

of unsaturation of 1. 

 

  

Again, no more correlations related to fragment 2 can be found. So, we want to 

construct a new fragment. H8 is selected as the starting point as its COSY crosspeaks 

are identifiable. COSY spectrum show corsspeaks between H8 and H9, H9 and H10, 

H10 and H7. Both H7 and H9 have HMBC correlations with C22. Thus, C22 are meta 

to C7-H7 and C9-H9. Fragment 3 (Figure 11) is proposed accordingly. HMBC 

correlation between H8 and C19 indicate C19 is meta to H8. Furthermore, H4’s have 

HMBC corsspeaks with C20 and C19. A 1H/15N HMBC (not included here) shows 

that H4’s have 2 or 3 bond correlations with a N. Thus, 2 possible structures can be 

proposed: C20 in the middle connecting C4, C19 and N, or N in the middle connecting 

the 3 carbons. The first option (C20 in the middle) is ruled out because the chemical 

shift of C20 corresponds on an aromatic carbon. Finally, H5’s show HMBC 

correlation to C20 and C21. The chemical shift of C21 suggests an ester or amide.  

Figure 10. Partial fragment 

2.  
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 Up to this point, no other identifiable HMBC,  HSQC, COSY correlations can 

help connect the pieces together. We find 3 fragments (Figure 12) and an N-H group. 

The proton chemical shift of the N-H group suggests an amide. The 4 fragments 

contain 27 C’s, 26 H’s, 2 N’s, 2 O’s, and 14 degrees of unsaturation in total, leaving 

us with 2N’s, 1 S and 3 degrees of freedom.  

 

Figure 11. Fragment 3 
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2.5 ROESY analysis 

No other bond-related couplings can be used to join the fragments together. 

Thus, we examine the ROESY spectrum, trying to figure out how the fragments can 

be connected. First, H4 has crosspeaks with H7 H10. Thus, we suspect that C19-N 

bond is not free rotating. The chemical shift of C20 suggests it is in an aromatic 

system. The aromatic system must contain heteroatoms since we have used up all 

carbons. The only method to form an aromatic system is to include C20 in an 

imidazole ring (Figure 13). Such imidazole ring can prevent free-rotation of C19-N 

bond, fix the position of the H4 and allow interactions between H4 and H7, H4 and 

H10. 

 

                                                  

Figure 12. 4 Fragments 

Figure 13. Fragment 3 based on assumptions 



21 
 

We also noted, in the ROESY spectrum, that the proton of the N-H group in 

fragment 4 is spatially close to H16. Thus fragment 4 may be connected to the rest of 

the molecule via C25. Since the chemical shift of that proton (8.01 ppm) indicates an 

amide group, the third bond of that N might provide a linkage to the carbonyl of either 

fragment 2 or fragment 3 (Figure 14).  

 

In both scenarios, we still have 1 N, 1 S and 1 degree of unsaturation to assign. 

The degree of unsaturation may exist as a ring or a -N=S group. If there exists a -N=S 

group, there is no way to justify all chemical shifts because more than 1 carbon have 

an electron-withdrawing group attached, but N=S can only bind to one of them. 

Therefore, the only way to fulfill the remaining degree of freedom is to form a ring. 

In the first scenario, C3 and C6 need to be joint by a N atom. This new N atom 

is then likely to connect to C21. The remaining S might be either between C21 and C5 

(Figure 15a) or between C20 and C5 (Figure 15b).  

Figure 14. 2 possible methods of assembly. Fragment 1 is joint to fragment 2 in the 

first scenario, while fragment 1 is joint to fragment 3 in the second scenario. 
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Instead, if the NH group on C25 belongs to the amide in fragment 3 (Figure 14 

right), the only way to connect fragment 2, while still maintaining the HMBC 

correlations between H5 and C21, H5 and C20, is to insert a N either between C5 and 

C21 (Figure 16c and e) or between C5 and C20 (Figure 16d and f). That N can join to 

C18 or C6. If N is attached on C18, C3 and C6 will share the S remaining (Figure 16c 

and d). If N bind to C6 instead, C3 and C18 will share the S (Figure 16e and f). Thus 4 

more possible structures are proposed. 

 

Figure 15. 2 possible structures (a and b) in assembly 1 
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 Finally, ROESY shows that H5’s and H3’s are close spatially. Therefore, 

structure b in Figure 15 is most likely to be the unknown compound. 

 

2.6 Conclusion 

 4 fragments are determined (Figure 11) based on solid through-bond 

correlations provided by HSQC, HMBC and COSY. With the help of spatial 

correlations provided by ROESY, we concluded that figure 15b is most likely to be 

what we are looking for.  

Figure 16. 4 possible structures in assembly 2 
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However, the stereochemistry of C6 remains unknown. To solve the chirality 

of the molecule, we can chemically modify the molecule with some chiral reagents 

that would ideally react with only one isomer and monitor the extent of reaction. 

To further confirm the speculation, we can dissemble the molecule under 

acidic condition at the sites of amide and figure out the structure of each fragment 

individually. We can compare our spectrums with the published spectrums of the 

proposed structure. And finally, we can synthesize the proposed compound and 

compare its HPLC retention time with that of the unknown sample.  

The minor isomer in the sample cannot be figured out due to its low 

concentration and low signal intensity. Since the chemical shifts of the minor isomer is 

very close to the major isomer; and the ROESY spectrum shows negative crosspeaks 

connecting 2 isomers (8.34, 8.75 ppm for example), suggesting the 2 isomers are 

under fast transformation. We suspect that the amide groups are under isomerization. 

(Figure 17) 

Figure 17. Possible isomerization 

Figure 17. Possible isomerization 
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CHAPTER 3 

EXPERIMENTAL 

3.1 Mass Spectrometry 

2 mg of unknown sample was first dissolved in 500 ul chloroform. 5 ul of the 

solution was taken and diluted 2500 folds. The resulting sample was injected 3 times 

into a MS equipped with ESI (positive ionization mode) and Orbitrap mass analyzer.  

 

3.2 NMR acquisition 

All NMR spectrums were obtained on an INOVA 600 facility. The spectrums 

were set up according to the standard protocol, and acquired under the following 

parameters: 

gCOSY: nt=1 ss=8 at=0.6 ni=600 

ROESYAD: nt=2 ss=8 at=0.3 ni=400 

HSQCAD: nt=2 ss=16 ni=800 gain=gain+30 

1H/13C gHMBC: nt=2 ss=16 ni=1200 gain=gain+30 at=0.3 

1H/15N gHMBC: nt=8 ss=16 ni=400 gain=gain+30 at=0.3 

 

3.3 NMR processing 

All spectrums were processed using the zero-filling parameters and window 

functions below: 

Spectrum Zero-filling Window function 

1D H 6K  

HSQC 4K on both dimensions  

gCOSY 8K on both dimensions f1: Sine bell (0o) 

f2: Gaussian (5Hz) and sine bell (0o) 

HMBC 4K on both dimensions f2: Gaussian (5Hz) and sine bell (0o) 

ROESY f1: 2K 

f2: 4K 

f1: Gaussian (30.20Hz) and first point (0.50 

Hz) 

f2: Gaussian (3.62Hz) and first point (0.20 

Hz) 

 Table 3. Parameters involved in spectrum processing 
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